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PREFACE 



This book has been written as a comprehensive, self-explanatory reference hand- 
book for the benefit of all who have an interest in the design and application of radio 
receivers or audio amplifiers. Everything outside this field — television, radio trans- 
mission, radar, industrial electronics, test equipment and so on — has been excluded 
to limit the book to a reasonable size. 

An effort has been made to produce a handbook which, in its own sphere, is as self- 
contained as' possible. Extensive references to other sources of information have 
been included for the reader who might require additional detail. 

The success of the previous edition, of which over 280,000 copies have been sold 
throughout the world, encouraged Amalgamated Wireless Valve Company Pty. Ltd., 
to undertake the compilation of the present up-to-date edition which is more com- 
plete, great pains having been taken to fill in many of the gaps in the data published 
hitherto. This has involved a considerable amount of both experimental and an- 
alytical work by the editor and by engineers assisting in the project. Some original 
work, previously unpublished, has been included. 
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the result of team work, each having been carefully and critically examined by several 
other engineers specializing in that particular field. In this way the accuracy of 
mathematical calculations and of individual statements was checked and re-checked 
to ensure that the reader would not be misinformed. 

I wish to express my grateful thanks to Mr. R. Lambie, Manager, Mr. D. M. 
Sutherland, Works Manager, and to the following collaborating engineers — 

J. E. Bailey, Dr. W. G, Baker, D. Barnett, J. D. G. Barrett, Dr. G. Builder, 
N. V. C. Cansick, W. N. Christiansen, Dr. E. R. Dalziel, K. G. Dean, H. L. 
Downing, J. Gilchrist, I. C Hansen, R. Herbert, F. Holloway, I. Hood, D. G. 
Lindsay, W. S. McGuire, E..J. Packer, J. Pritchard, R. J. Rawlings, B. Sandel, 
J. Stacey, R. D. Stewart, J. E. Telfer, R. Vine, E. Watkinson. 

I also wish to express my thanks to Mr. R. Ainsworth for his invaluable work in 
sub-editing and assistance in indexing and to Mr. R. H. Aston for compiling data. 

F. Langford- Smith 

Amalgamated Wireless Valve Company Pty. Ltd. 



NOTES 

References to valve types are to the prototype (e.g. 6J7) and include all equivalent 
types (e.g. 6J7-G, 6J7-GT etc.) unless otherwise indicated. 

If any errors are noted s please write to the Editor, Radiotron Designer's Handbook, 
Amalgamated Wireless Valve Co. Pty. Ltd., 47 York Street, Sydney, Australia. 
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SECTION 1 : ELECTRICITY AND EMISSION 

The proper understanding of the radio valve in its various applications requires 
some knowledge of the characteristics of the electron and its companion bodies which 
make up the complete structure of atoms and molecules. 

All matter is composed of molecules which are the smallest particles preserving 
the individual characteristics of the substance. For example, water is made up of 
molecules that are bound together by the forces operating between them. Molecules 
are composed of atoms that are themselves made up of still smaller particles. Ac- 
cording to the usual simplified theory, which is sufficient for this purpose, atoms 
may be pictured as having a central nucleus around which rotate one or more electrons 
in much the same manner as the planets move around the sun. In the case of the 
atom, however, there are frequently several electrons in each orbit. The innermost 
orbit may have up to 2, the second orbit up to 8, the third orbit up to 18, the fourth 
orbit up to 32, with decreasing numbers in the outermost orbits (which on'y occur 
with elements of high " atomic numbers "). We do not know the precise shape 
and positions of the orbits and modern theory speaks of them as " energy levels " 
or " shells." The electrons forming the innermost shell are closely bound to the 
nucleus but the forces become progressively less in the outer shells. Moreover, 
the number of electrons in the outermost shell may be less than the maximum number 
that this shell is capable of accommodating. In this case, the substance would be 
chemically active ; examples of such are sodium and potassium. 

In a metal the various atoms are situated in close proximity to one another, so 
that the electrons in the outermost shells have forces acting upon them both from 
their " parent " nucleus and their near neighbour. Some electrons are free to move 
about throughout the substance and are, therefore, called " free electrons." If an 
electric potential is applied between two points in the metal, the number of electrons 
moving from the negative to the positive point will be greater than those moving in 
the opposite direction. This constitutes an electric current, since each electron 
carries an electric charge. The charge on the electron is defined as unit negative 
charge and the accepted direction of current flow is opposite to the net electron 
movement. 

1 
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It is interesting to note that the total current flow, equivalent to the total move- 
ments of all the free electrons, irrespective of their directions, is very much greater 
than that which occurs under any normal conditions of electric current flow. The 
directions of movement are such that the external effects of one are generally cancelled 
by those of another. Thus, in a metal, the oft-quoted picture of a flow of electrons 
from the negative to the positive terminal is only a partial truth and apt to be mis- 
leading. The velocity of the free electrons is very much less than that of the electric 
current being of the order of only a few centimetres per second. The electron 
current may be pictured as the successive impacts between one electron and another 
in the direction of the current. In an insulator the number of free electrons is 
practically zero, so that electric conduction does not take place. In a partial insulator 
the number of free electrons is quite small. 

The nucleus is a very complex body, including one or more protons which may 
be combined with a number of neutrons*. The proton has a positive charge equal 
and opposite to the charge on an electron but its mass is very much greater than that 
of an electron. The simplest possible atom consists of one proton forming the nucleus 
with one electron in an orbit around it — this is the hydrogen atom. Helium consists 
of two protons and two neutrons in the nucleus, with two electrons rotating in orbits. 
The neutron has a mass slightly greater than that of a proton, but the neutron has 
no electric charge. An example of a more complicated atom is that of potassium 
which has 19 protons and 20 neutrons in the nucleus, thus having a positive charge 
of 19 units. The number of electrons in the orbits is 19, thus giving zero charge 
for the atom as a whole, this being the normal condition of any atom. The common 
form of uranium has 92 protons and 146 neutrons in the nucleus, with 92 electrons 
rotating in orbits. 

Under normal circumstances no electrons leave the surface or a substance since 
the forces of attraction towards the centre of the body are too great. As the tem- 
perature of the substance is raised, the velocity of the free electrons increases and 
eventually, at a temperature which varies from one substance to another, some of the 
free electrons leave the surface and may be attracted to a positive electrode in a vacuum . 
This phenomenon is known as thermionic emission since its emission takes place 
under the influence of heating. There are other types of emission such as photo 
emission that occur when the surface of the substance is influenced by light, or 
secondary emission when the surface is bombarded by electrons. 

The radio valve makes use of thermionic emission in conjunction with associated 
circuits for the purpose of producing amplification or oscillation. The most common 
types of radio valves have hot cathodes, either in the form of a filament or an indirectly- 
heated cathode. Many transmitting valves have filaments such as tungsten or 
thoriated-tungsten, but nearly all receiving valves have what is known as an oxide 
coated filament or cathode. The filament, or cathode sleeve, is usually made of 
nickel or an alloy containing a large percentage of nickel and this is coated with a 
mixture of barium and strontium carbonates that, during the manufacture of the 
valve, are turned into oxides. A valve having an oxide-coated cathode has a very 
high degree of emission as compared with other forms of emitters but requires very 
great care during manufacture since it is readily poisoned by certain impurities which 
may be present in the cathode itself or which may be driven out in the form of gas 
from the bulb or the other electrodes. 

Oxide-coated cathodes are generally operated at an average temperature of about 
1050° Kelvin (777° C) which looks a dull red. Temperatures much above 1100°K 
generally cause a short life, while those below 960 °K are very susceptible to poisoning 
of the emission, and require careful attention to maintain a very high vacuum. 

The thermionic valve is normally operated with its anodef current considerably 
less than the maximum emission produced by its cathode. In the case of one having 
a pure tungsten filament no damage is done to the filament if all the electrons emitted 

*This is in accordance with the theory generally held at the time of writing J it is, however, subject 
to later modification. 

fThe anode (also called the plate) is the positive electrode j the cathode is the negative electrode. 
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are drawn away immediately to the anode. This is not so, however, with oxide coated 
cathodes and these, for a long life and satisfactory service, require a total emission 
very much greater than that drawn under operating conditions. In such a case a 
cloud of electrons accumulates a short distance from the surface of the cathode and 
supplies the electrons that go to the anode. This space charge as it is called, is 
like a reservoir of water that supplies varying requirements but is itself replenished 
at an average rate. The space charge forms a protection to the cathode coating against 
bombardment and high electrostatic fields, while it also limits the current which would 
otherwise be drawn by a positive voltage on the anode. If the electron emission 
from the cathode is insufficient to build up this " space charge," the cathode coating 
is called upon to supply high peak currents that may do permanent injury to the coat- 
ing and in extreme cases may even cause sputtering or arcing. 

In multi-grid valves, if one grid has a positive potential and the next succeeding 
grid (proceeding from cathode to plate) has a negative potential, there tends to be 
formed an additional space charge. This outer space charge behaves as a source of 
electrons for the outer electrodes, and is known as a virtual cathode. 

An oxide-coated cathode, operated under proper conditions, is self-rejuvenating 
and may have an extremely long working life. The life is, therefore, largely governed 
by the excess emission over the peak current required in normal operation. 

A valve having a large cathode area and small cathode current may have, under 
ideal conditions, a life of the order of 50 000 hours, whereas one having extremely 
limited surface area, such as a tiny battery valve, may have a working life of less than 
1000 hours 

Under normal conditions a valve should be operated with its filament or heater 
at the recommended voltage ; in the case of an oxide coated valve it is possible to 
have fluctuations of the order of 10% up or down without seriously affecting the 
life or characteristics of the valve [see Chapter 3 Sect. l(iv)D] . The average voltage 
should, however, be maintained at the correct value. If the filament or cathode is 
operated continuously with a higher voltage than that recommended, some of the 
coating material is evaporated and permanently lost, thus reducing the life of the valve. 
Moreover, some of this vapour tends to deposit on the grid and give rise to what is 
known as grid emission when the grid itself emits electrons and draws current 
commonly known as negative grid current [for measurement see Chapter 3 Sect. 3 
(iv)A]. 

If the filament or heater is operated for long periods at reduced voltages, the effect 
is a reduction in emission, but no damage is generally done to the valve unless the 
cathode currents are sufficient to exhaust the " space charge." Low cathode tem- 
perature is, therefore, permissible provided that the anode current is reduced in the 
proper proportion. 

During the working life of the valve, its emission usually increases over the early 
period, reaches a maximum at an age which varies from valve to valve and from one 
manufacturer to another, and then begins to fall. The user does not generally suffer 
any detriment until the emission is insufficient to provide peak currents without 
distortion. 

Tests for the measurement of the emission of an oxide-coated cathode are described 
in Chapter 3 Sect. 3(ii)f. 

If a slight amount of gas is present some of the electrons will collide with atoms 
of the gas and may knock off one or more electrons, which will serve to increase the 
anode current, leaving atoms deficient in electrons. These are known as positive 
ions since they carry a positive charge (brought about by the loss of electrons), and 
the process is known as ionization. The positive ions are attracted by the negative 
cathode, and being comparatively massive, they tend to bombard the cathode coating 
in spite of the protection formed by the space charge. 

Some types of rectifiers (e.g. OZ4) have no heaters, and the oxide-coated cathode 
is initially heated by ion bombardment ; this flow of current is sufficient to raise the 
cathode temperature so as to enable it to emit electrons in the usual manner. The 
gas is an inert variety at reduced pressure. Although some types of gaseous thermionic 
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rectifiers will operate (once they have been thoroughly heated) without any filament 
or heater voltage, this is likely to cause early failure through loss of emission. 

Most thermionic valves are vacuum types and operate under a very high degree 
of vacuum. This is produced during manufacture by a combination of vacuum 
pumps and is made permanent by the flashing of a small amount of " getter " which 
remains in the bulb ready to combine with any impurities which may be driven off 
during life. Valves coming through on the production line are all tested for gas by 
measuring the negative grid current under operating conditions ; methods of testing 
are described in Chapter 3 Sect. 3(iv)A, where some values of maximum negative 
grid current are also given. If a valve has been on the shelf for a long time, it fre- 
quently shows a higher gas current, but this may usually be reduced to normal by 
operating the valve under normal conditions, with a low resistance connection between 
grid and cathode, for a short period. When a valve is slightly gassy, it usually shows 
a blue glow (ionization) between cathode and anode. In extreme cases this may 
extend outside the ends of the electrodes, but a valve in such condition should be 
regarded with suspicion and tested before being used in any equipment, as it might 
do serious damage. A slight crack may permit a very small amount of air to enter 
the bulb, giving rise to a pink/violet glow which may readily be identified by any one 
familiar with it ; this is a sign of immediate end of life. 

The anode current of a thermionic valve is not perfectly steady, since it is brought 
about by a flow of electrons from the cathode. When a valve is followed by very 
high gain amplifiers, the rushing noise heard in the loudspeaker is partly caused by 
the electrons in the valve, and partly by a somewhat similar effect (referred to as the 
" thermal agitation " or " Johnson noise ") principally in the resistance in the grid 
circuit of the first valve — see Chapter 4 Sect. 9(i)l, and Chapter 18 Sect. 2(ii). This 
question of valve noise is dealt with in Chapter 18 Sect. 2(ii)c and Chapter 23 Sect. 6. 

Some valves show a fluorescence on the inside of the bulb, which may fluctuate 
when the valve is operating. This is perfectly harmless and may be distinguished 
from blue glow by its position in the valve. In occasional cases fluorescence may also 
be observed on the surfaces of the mica supports inside the valve. 



SECTION 2 : THE COMPONENT PARTS OF RADIO VALVES 

(*) Filaments, cathodes and heaters (») Grids (m) Plates (to) Bulbs (©) Volt- 
ages with valve operation. 

(i) Filaments, Cathodes and Heaters 

Cathodes are of two main types — directly heated and indirectly heated. Directly- 
heated cathodes are in the form of filaments which consists of a core of wire through 
which the filament current is passed, the wire being coated with the usual emissive 
coating. Filaments are the most economical form of cathodes so far as concerns 
the power necessary to heat the cathode. They are, therefore, used in most applica- 
tions for operation from batteries, particularly dry batteries, and for special applica- 
tions in which very quick heating is required. Filaments are also used in many 
types of power rectifiers and power triodes, where the special properties of the filament 
make it more suitable. 

Valves having filaments should preferably be mounted with the filament vertical, 
but if it is necessary to mount them horizontally, they should be arranged so that the 
plane of the filament of V or W shaped filaments is vertical ; this reduces the chance 
of the filament touching the grid. 

All filament-type valves having close spacing between filament and grid have a 
filament tension spring, usually mounted at the top of the valve. Some typical 
filament arrangements are indicated in Fig. 1 .1 where A shows a single " V " shape 
filament suspended by means of a top-hook at the apex, B shows a " W " shape with 
two top hooks and C a single strand filament with tension spring as used in 1 -4 volt 
valves. 
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Indirectly-heated cathodes consist of a cathode sleeve surrounding a heater. The 
cathode sleeve may have a variety of shapes, including round (D), elliptical (E) and 
rectangular (F) cross section. They are usually fitted with a light ribbon tag for 
connection to the lead going to the base pin. 
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Fig. 1.1. AiB,C types of filaments ; D,E,F types of cathodes j G, H types of 

heaters. 

In an indirectly-heated valve, the function of the heater is solely to heat the cathode. 
No emission should take place from the heater and the insulation between heater 
and cathode should be good. The heater is generally made of tungsten or a tungsten 
alloy wire coated wit.i a substance capable of providing the necessary insulation at 
high temperature, such as alundum. In all applications where hum is likely to be 
troublesome, the heater is preferably of the double helical type, as G in Fig. 1.1. 
Power valves and other types having elliptical or rectangular cathode sleeves, often 
employ a folded heater as in H. These are not generally suitable for use in very low 
level amplifiers whether for radio or audio frequencies. 

(ii) Grids 

Grids are constructed of very fine wire wound around one, two or four side rods — 
two being by far the most common. Some valves have two, three, four or five grids 
inside one another, but all of these are similar in general form although different in 
dimensions. 

In the case of some grids it is necessary to take precautions to limit the grid tem- 
perature either to avoid grid emission, in the case of control grids, or to limit the grid 
temperature to prevent the formation of gas, in the case of screen grids. These may, 
for better heat radiation, be fitted with copper side rods and blackened radiators either 
above or below the other electrodes. Grids are numbered in order from the cathode 
outwards, so that No. 1 grid will be the one closest to the cathode, No. 2 grid the one 
adjacent to it, and No. 3 the one further out again. 

(iii) Plates 

The plate of a receiving valve is the anode or positive electrode. It may be in one 
of a great number of shapes, dependent on the particular application of the valve. 
The plates of power valves and rectifiers are frequently blackened to increase their 
heat radiation and thereby reduce their temperature. 

(iv) Bulbs 

The inside surfaces of glass bulbs are frequently blackened. This has the effects 
of making them more or less conductive, thereby reducing the tendency to develop 
static charges, and reducing the tendency towards secondary emission from the bulb. 

(v) Voltages with valve operation 

All voltages in radio valves are taken with respect to the cathode, in the case of 
indirectly-heated valves, and the negative end of the filament with directly-heated 
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valves. The cathode is usually earthed or is approximately at earth potential, so 
that this convention is easy to follow under normal conditions. In some cases, as 
for example phase splitters or cathode followers, the cathode is at a potential con- 
siderably above earth and care should be taken to avoid errors. 

Some directly-heated valves may be operated with their filaments on a.c. supply, 
usually with the centre tap of the filament circuit treated as a cathode. In all such 
cases the valve data emphasize the fact that the filament is intended for operation 
on a.c. The plate characteristics are usually drawn with d.c. on the filament and 
these curves may be applied to a.c. operation by increasing the bias voltage by half 
the filament voltage. 

In cases where resistors or other impedances are connected between the positive 
electrodes and the supply voltages, the electrode voltages (e.g. E h , 2? c2 ) are the voltages 
existing between those electrodes and cathode under operating conditions. The 
supply voltages are distinguished by the symbols E bb) E cc2 etc. See the list of symbols 
in Chapter 38 Sect. 6. 

For further information on valve operation see Chapter 3 Sect. 1 . 



SECTION 3 : TYPES OF RADIO VALVES 

(0 Diodes («) Triodes («») Tetrodes (iv) Pentodes (v) Pentode power amplifiers 
(vi) Combined valves (viz) Pentagrid converters, 

(i) Diodes 

A diode is the simplest type of radio valve consisting of two electrodes only, the 
cathode and anode (or plate). The cathode may be either directly or indirectly 
heated and the valve may be either very small, as for a signal detector, large as for a 
power rectifier, or any intermediate size. One or two diodes are frequently used in 
combination with a triode or pentode a-f amplifier as the second detector in receivers ; 
in most of these cases, a common cathode is used. For some purposes it is necessary 
to have two diode units with separate cathodes, as in type 6H6. Amplifier types with 
three diodes, some with a common cathode and others with separate cathodes, have 




Fig. 1.2. Fundamental circuit 
including diode } A and B bat- 
teries and load resistor. 
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also been manufactured for special purposes. Fig- 1,2 shows the circuit of a diode 
valve in which battery A is used to heat the filament or heater, and battery B to apply 
a positive potential to the anode through the load resistor. The plate current is 
measured by a milliammeter connected as shown, and the direction of current flow 
is from the positive end of battery B towards the anode, this being the opposite of the 
electron current flow. It should be noted that the negative end of battery B is re- 
turned to the negative end of battery A in accordance with the usual convention. It 
would be quite permissible to connect the negative end of the battery B to the positive 
end of battery A so as to get the benefit of the voltage A applied to the anode, but 
in this case, the total voltage applied to the anode would be A + B. If voltage of 
battery B is reversed, it will be noted that the plate current is zero, thus indicating 
the rectification that takes place in a diode. If an alternating voltage is applied, 
current will only flow during the half-cycles when the anode is positive. This is 
called a half-wave rectifier since it is only capable of rectifying one half of the cycle. 
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Full wave* rectifiers are manufactured with two anodes and a common cathode and 
these are arranged in the circuit so that one diode conducts during one half-cycle 
and the other during the other half-cycle, 
(ii) Triodes 

A triode is a three electrode valve, the electrodes being the cathode, grid and anode 
(or plate). The grid serves to control the plate current flow, and if the grid is made 
sufficiently negative the plate current is reduced to zero. The voltage on the grid is 
controlled by battery C in Fig. 1.3, the other part of the circuit being as for the diode 
in Fig. 1.2. When the grid is negative with respect to the cathode, it does not draw 
appreciable current ; this is the normal condition as a class A x amplifier. Although 
an indirectly heated cathode has been shown in this instance, a directly heated valve 
could equally well have been used. The heater in Fig. 1.3 may be supplied either 
from an a.c. or d.c. source, which should preferably be connected to the cathode or 
as close as possible to cathode potential. 

As the grid is made more negative, so the plate current is decreased and when the 
grid is made more positive the plate current is increased. A triode is, therefore, 
capable of converting a voltage change at the grid into a change of power in the load 
resistor. It may also be used as a voltage amplifier or oscillator. 




Fig. 1.3. Fundamental circuit 
including indirectly-heated triode, 
B and C batteries, and load 
resistor in plate circuit. 



(iii) Tetrodes 

The capacitance between the grid and plate can be reduced by mounting an addi- 
tional electrode, generally called the screen or screen grid, between the grid and plate. 
The valve thus has four electrodes, hence the name tetrode. The function of the 
screen is to act as an electrostatic shield between grid and plate, thus reducing the 
grid-to-plate capacitance. The screen is connected to a positive potential (although 
less than that of the plate) in order to counteract the blocking effect which it would 
otherwise have on the plate current — see Fig, 1.4. Owing to the comparatively 
large spaces between the wires in the screen, most of the electrons from the cathode 
pass through the screen to the plate. So long as the plate voltage is higher than the 
screen voltage, the plate current depends primarily on the screen voltage and only 
to a slight extent on the plate voltage. This construction makes possible a much 
higher amplification than with a triode, and the lower grid-to-plate capacitance makes 
the high gain practicable at radio frequencies without instability. 



ANODE 
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Fig. 1.4. Fundamental circuit 
including indirectly-heated tet- 
rode, B and C batteries, and 
load resistor in plate circuit. 




(iv) Pentodes 

Electrons striking the plate with sufficient velocities may dislodge other electrons 
and so cause what is known as " secondary emission." In the case of tetrodes, when 



•These are sometimes called biphase half-wave rectifiers. 
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the plate voltage swings down to a low value under working conditions, the screen 
may be instantaneously at a higher positive potential than the plate, and hence the 
secondary electrons are attracted to the screen. This has the effect of lowering the 
plate current over the region of low plate voltage and thus limits the permissible 
plate voltage swing. This effect is avoided when a suppressor is inserted between 
screen and plate. The suppressor is normally connected to the cathode as in Fig. 1 .5. 
Owing to its negative potential with respect to the plate, the suppressor retards the 
movements of secondary electrons and diverts them back to the plate. 

A valve with three grids is known as a pentode because it has five electrodes. Pen- 
todes are commonly used as radio frequency amplifiers and as power amplifiers. 
Pentode r-f amplifiers are of two main varieties, those having a sharp cut-off* charac- 
teristic and those having a remote cut-off*. Valves having sharp cut-off charac- 
teristics are generally used as audio frequency voltage amplifiers and anode bend 
detectors, while remote cut-off amplifiers are used as r-f and i-f amplifiers. The 



Fig. 1.5. Fundamental circuit 
including indirectly-heated pen- 
tode, B and C batteries, and 
load resistor in plate circuiti 



remote cut-off characteristic permits the application of automatic volume control 
with a minimum of distortion ; this subject is treated in detail in Chapter 27 Sect. 3. 

(v) Pentode power amplifiers 

Pentode power amplifiers are commonly used in receiving sets to produce a-f power 
outputs from about 1 watt up to about 5 watts. They differ from r-f amplifiers in 
that no particular precautions are made to provide screening, and they are designed 
for handling higher plate currents and screen voltages. In principle, however, both 
types are identical and any r-f pentode may be used as a low-power a-f amplifier. 

Beam power valves with " aligned " grids do not require a third grid to give 
characteristics resembling those of a power pentode ; a typical structure is shown in 
Fig. 1 .6. Some " kinkless " tetrodes are also used as r-f and i-f amplifiers. All of 
these may be treated as being, in most respects, equivalent to pentodes. 

(vi) Combined valves 

Many combinations of valves have been made. Two triodes are frequently mounted 
in one envelope to form a " twin triode." One or more diodes are frequendy com- 
bined with triodes and pentodes to form second detectors. A combination of triode 
and pentode in one envelope is also fairly common, one application being as a fre- 
quency changer. Other combinations are triode-hexodes and triode-heptodes, all 
of which are primarily intended for use as frequency changers or " converters." In 
these, the triode grid is generally connected internally to No. 3 grid in the hexode or 
heptode to provide the necessary mixing of the oscillator and signal voltages. A 
hexode has four grids while the heptode has five, the outermost of which is a sup- 
pressor functioning in the same manner as in a pentode. 

In addition to this wide range of combinations, entirely different valves may be 
combined in one envelope to save space in very small receivers. This is a practice 
which appears to be dying out, particularly as the envelope size becomes smaller. 

(vii) Pentagrid converters 

Pentagrids are valves having 5 grids, so that they are really heptodes, but the name 
pentagrid appears to make a convenient distinction between valves in this group 

* Sharp cut-off indicates that the plate-current characteristic is as straight as it can be made. A re- 
mote cut-off characteristic indicates that the plate current does not become zero until the grid voltage 
is made very much negative (usually over 30 volts). 
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ELECTRON BEAM SHEETS FORMED BY GRID WIRES 

Internal structure of type 6L6 or 807 aligned grid beam power valve {diagram 
by courtesy of R.C.A.). 



(which do not normally require external oscillators) and those of the hexode or heptode 
" mixer " type which are used with separate oscillators. Pentagrid converters are 
of two main groups, the first of these being the 6A8 type of construction which in- 
corporates an oscillator grid and oscillator anode (" anode grid ") as part of the main 
cathode stream. The other group comprises the 6SA7, 6BE6 and 1R5 type of con- 
struction which has no separate oscillator anode, the screen grid serving a dual pur- 
pose. The various types of pentagrid converters are described in detail in Chapter 25 . 



SECTION 4 : MAXIMUM RATINGS AND TOLERANCES 

(t) Maximum ratings and their interpretation (») Tolerances. 

(i) Maximum ratings and their interpretation 

Maximum ratings are of two types — the Absolute Maximum system and the Design 
Centre system. These are described in detail in Chapter 3 Sect. l(iv). 

(ii) Tolerances 

All valves are tested in the factory for a number of characteristics, these usually 
including plate current, screen cu rent, negative grid current, mutual conductance, 
noise and microphony, as well as having to pass visual inspection tests for appearance. 
For methods of testing see Chapter 3. As with any other components such as re- 
sistors or capacitors, the characteristics can only be maintained within certain toler- 
ances. For example, a resistor may be bought with a tolerance of plus or minus 
10% or 20% ; closer tolerances may be purchased at a higher price. 

The subject of tolerances in valve characteristics is covered in detail in Chapter 3 
Sect. 2(iii). 

Special care should be taken in the screen circuits of beam power amplifiers since 
in these the screen currents may vary from zero to twice the average figure. Any 
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1.4 



screen voltage dropping resistor is undesirable with such valves and if the screen is 
required to be operated at a lower voltage than the plate, it should be supplied from 
a voltage divider having a bleed current of preferably 5 times the nominal screen 
current. Alternatively, the screen voltage should be determined for the extreme cases 
of zero and twice nominal screen current. 
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Fig. 1 .7. Filament current versus 
filament voltage for a valve 
having a 1.4 volt 50 milliampere 
filament. 



FILAMENT VOLTS 



The heater voltage should be maintained at an average voltage equal to the recom- 
mended voltage, thus leaving a margin of plus or minus 10% for line fluctuations 
under normal conditions — see Chapter 3 Sect. l(iv)D. If any wider variation is 
required, this will involve decreased maximum grid circuit resistance for a higher 
heater voltage and decreased plate current for lower heater voltage. 



SECTION 5 : FILAMENT AND HEATER VOLTAGE/CURRENT 
CHARACTERISTICS 

A valve filament or heater operates at such a temperature that its resistance when 
hot is much greater than its resistance when cold. The current/voltage characteristic 
is curved and does not follow Ohm's Law. Two typical examples are Fig. 1.7 for 
a battery valve and Fig. 35.14 for an indirectly-heated valve. Approximate curves 
for general use, on a percentage basis, are given in Fig. 1.8 including also dissipation 
in watts and temperature (Ref. 7). Filament and heater ratings are covered in Chapter 
3 Sect. 1. 



SECTION 6 : VALVE NUMBERING SYSTEMS 

Receiving valves having the American numbering follow two main systems. The 
first of these is the numerical system, which is the older, and the second the R.M A. 
system. Originally various manufacturers produced the same valve under different 
type numbers such as 135, 235, 335, 435 etc. This was improved upon by dropping 
the first figure and using only the two latter figures, e.g. 35. 

All the more recent American releases follow the R.M.A. system (Ref. 8) of which 
a typical example is 6A8-GT. In this system the first figure indicates the approxi- 
mate filament or heater voltage — 6 indicates a voltage between 5-6 and 6-6 volts, 
while 5 indicates a voltage between 4-6 and 5-6 volts ; 1 indicates a voltage in excess 
of and including 1 -6 volts, while indicates a cold cathode. Lock-in types in the 
6'3 volt range are given the first figure 7 (this being the " nominal " voltage), but 
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the normal operating voltages remain at 6-3 volts. In the case of tapped filaments 
or heaters the first figure indicates the total voltage with both sections in series. 

The second symbol is a letter which is allotted in sequence commencing with A, 
except that I and O are not used ; rectifiers follow the sequence backwards com- 
mencing at Z. When all the single letters of a group are exhausted, the system then 
proceeds with two lettters commencing with AB ; combinations of identical letters 
are not normally used. The single-ended a.c. range has a first letter S while the second 
letter may be that of the nearest equivalent in the double-ended range — e.g. type 
6SK7 is the nearest single-ended equivalent to type 6K7. Another special case is the 
first letter L which is used for lock-in types in the battery range. 
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Fig. 1.8. Filament or heater current, dissipation and temperature plotted against 
filament or heater voltage, per cent (Ref. 7). 
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The final figure denotes the number of " useful elements " brought out to an 
external connection. 

The envelope of a metal valve, the metal base of a lock-in valve, and internal shield- 
ing having its separate and exclusive terminal(s) are counted as useful elements. 
A filament or heater counts as one useful element, except that a tapped filament or 
heater of two or more sections of unequal rated section voltages or currents counts 
as two useful elements. An octal-based glass valve having « useful elements exclusive 
of those connected to Pin No. 1 is counted as having n + 1 useful elements. Elements 
connected to terminals identified as " internal connection, do not use " do not count 
as useful elements. Combinations of one or more elements connected to the same 
terminal or terminals are counted as one useful element. For example a directly 
heated triode with a non-octal base is denoted by 3 ; an indirectly-heated triode, 
with a non-octal base is designated by 4 ; a directly-heated tetrode with a non-octal 
base is designated by 4. A pentode with the suppressor internally connected to 
filament or cathode is numbered as a tetrode. A metal envelope or octal-based glass 
triode with an indirectly-heated cathode is designated by 5, a tetrode (or pentode with 
the suppressor internally connected) by 6, and a triode-hexode converter usually by 8. 

The suffix after the hyphen denotes the type of construction used. In general, 
metal valves, lock-in types and miniature types have no suffixes, but octal-based glass 
valves types are given the suffix G for the larger glass bulb or GT for the smaller 
parallel-sided T9 bulb. The letter M indicates a metal-coated glass envelope and 
octal base. X indicates a " low loss " base composed of material having a loss factor 
of 0-035 maximum (determination of loss factor to be in accordance with ASTM 
Designation D-150-41T). The letter Y indicates an intermediate-loss base com- 
posed of material having a loss factor of 0-1 maximum. The letter W indicates 
a military type. The letters, A,B,C,D,E and F assigned in that order indicate a 
later and modified version which can be substituted for any previous version but not 
vice versa. 
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SECTION 1 : VALVE COEFFICIENTS 

(Otherwise known as Constants, Parameters or Factors) 

The triode or multigrid radio valve is a device which allows, under certain operating 
conditions, an amplified replica of a voltage applied between grid and cathode to 
appear across an impedance placed between plate and cathode. 

A valve, in itself, does not provide amplification of the applied grid-to-cathode 
voltage. The amplified voltage across the load impedance is due to the action of 
the valve in controlling the power available from the power supply. The amount 
of power which can be so controlled is determined by the operating conditions and 
the characteristics of the valve and of its associated circuits. 

The maximum voltage amplification which a valve is capable of giving under ideal 
conditions is called the amplification factor, generally designated by the Greek symbol 
It (am). This is not truly constant under all conditions (except for an imaginary 
" ideal valve ") and varies slightly with grid bias and plate voltage in the case of a 
triode, and is very far from being constant with most multi-electrode valves. 

The amplification factor ( /t) is the ratio of the incremental* change in plate 
voltage to the incremental change in control grid voltage in the opposite direction, 
under the conditions that the plate current remains unchanged, and all other electrode 
voltages are maintained constant. 

There are two other principal Valve Coefficients, known as the mutual conductance 
and the plate resistance (or anode resistance), the values of these also being somewhat 
dependent upon the applied voltages. 

•An incremental change of voltage applied to an electrode may be taken as indicating a change so 
small that the curvature of the characteristics may be neglected. For the mathematical treatment of 
rate of change, see Chapter 6 Sect. 7(i) and (ii). For treatment of valve coefficients as partial differentials 
see Chapter 2 Sett. 9(ix). 
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14 VALVE COEFFICIENTS 2.1 

The mutual conductance (or grid-plate transconductance) is the incremental 
change in plate current divided by the incremental change in the control-grid voltage 
producing it, under the condition that all other voltages remain unchanged. 

The plate resistance! is the incremental change in plate voltage divided by the 
incremental change in plate current which it produces, the other voltages remaining 
constant. 

There is a relationship between these three principal valve coefficients, which is 
exact provided that all have been measured at the same operating point, 

H" ~ Sm • 7"jiJ 

\>> 
OIg m = — , 

orr„ = — . 

Sm 

The calculation of these " valve coefficients " from the characteristic curves is 
given in Section 2 of this Chapter, while their direct measurement is described in 
Chapter 3 Sect. 3. The mathematical derivation of these coefficients and their 
relationship to one another are given in Section 9 of this Chapter, as is also the repre- 
sentation of valve coefficients in the form of partial differentials. 

The reciprocals of two of these coefficients are occasionally used — 

- = D where D is called the Durchgriff (or Penetration Factor) and which 

may be expressed as a percentage. 

— — gp where g p is called the Plate Conductance (see also below). 

Other valve coefficients are described below : — 

The Mu-Factor, of which the amplification factor is a special case, is the ratio 
of the incremental change in any one electrode voltage to the incremental change in 
any other electrode voltage, under the conditions that a specified current remains 
unchanged and that all other electrode voltages are maintained constant. Examples 
are 

Maws* Ptz-v 

The Conductance (g) is the incremental change in current to any electrode divided 
by the incremental change in voltage to the same electrode, all other voltages remain- 
ing unchanged. 

Examples are grid conductance (g„) 3 plate conductance (g v ). 

Transconductance is the incremental change in current to any electrode divided 
by the incremental change in voltage to another electrode, under the condition that 
all other voltages remain unchanged. A special case is the grid-plate transconductance 
which is known as the mutual conductance. Another example is the plate-grid 
transconductance (#„). 

Conversion transconductance (5 „) is associated with mixer (frequency changing ) 
valves, and is the incremental change in intermediate-frequency plate current divided 
by the incremental change in radio-frequency signal-grid voltage producing it. 

The Resistance (r) of any electrode is the reciprocal of the conductance ; for 
example plate resistance is the reciprocal of plate conductance, 

r» = l/g 9 . 

Perveance (G) is the relation between the space-charge-limited cathode current 
and the three-halves power of the anode voltage. It is independent of the electrode 
voltages and currents, so long as the three-halves law holds : 



G = 



ik 



3/2 



The measurement of perveance is covered in Chapter 3 Sect. 3(vi)E. 

tThis is strictly the " variational plate resistance " and must be distinguished from the d.c. plate 
resistance. 
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SECTION 2 : CHARACTERISTIC CURVES 

(*■) Plate characteristics («) Mutual characteristics (iii) Grid current characteristics 
(to) Suppressor characteristics (v) Constant current curves (vi) " G " curves (vii) 
Drift of characteristics during life (viii) Effect of heater-voltage variation. 

It is convenient to set down the measured characteristics of a valve in the form of 
curves. These are thus a record of the actual currents which flow in a given valve 
when the specified voltages are applied. 

The curves published by the valve manufacturers are those of an " average " valve, 
and any one valve may differ from them within the limits of the manufacturing toler- 
ances. 




Fig. 2.1. Method of measuring the 

plate and grid currents of a triode 

valve. 



The method of measuring the plate and grid currents of a triode valve is shown in 
Fig. 2.1 in which a tapping on the grid bias battery is returned to the cathode so as 
to permit either positive or negative voltages to be connected to the grid. The grid 
microammeter and voltmeter should be of the centre-zero type, or provision made 
for reversal of polarity. For more elaborate testing see Chapter 3 Sect. 3. 

(i) Plate characteristics 

The Plate Characteristic may be drawn by maintaining the grid at some constant 
voltage, varying the plate voltage step-by-step from zero up to the maximum available, 
and noting the plate current for each step of plate voltage. These readings may then 
be plotted on graph paper with the plate voltage horizontal and plate current vertical. 
This procedure may be repeated for other values of grid voltage to complete the Plate 
Characteristic Family. 

The Plate Characteristic Family for a typical triode is shown in Fig. 2.2. It 
is assumed that the plate voltage has been selected as 180 volts, and the grid bias 
—4 volts. By drawing a vertical line from 180 volts on the E* axis (point K), the 
quiescent operating point Q will be determined by its intersection with the 
" E e = —4" curve. By referring Q to the vertical scale (I b ) the plate current is 
found to be 6mA. The plate resistance at the point Q is found by drawing a tangent 
(EF) to the curve for E e = —4 so that it touches the curve at Q. 

The plate resistance (r„) at the point Q is then EK in volts (65) divided by QK 
in amperes (6 mA = 0.006 A) or 10 800 ohms. 

The amplification factor ( jt) is the change of plate voltage divided by the change 
of grid voltage for constant plate current. Line CD is drawn horizontally through Q, 
and represents a line of constant plate current. Points C and D represent grid volt- 
ages of —2 and —6, and correspond to plate voltages of 142 and 218 respectively. 
The value of /** is therefore (218 — 142) plate volts divided by a change of 4 grid 
volts, this being 76/4 or 19. 

The mutual conductance (g m ) is the change of plate current divided by the change 
of grid voltage for constant plate voltage. Line AB, which is drawn vertically through 
Q, represents constant plate voltage. Point A corresponds to 9.6 mA, while point B 
corresponds to 2.6 mA, giving a difference of 7 mA. Since points A and B also 
differ by 4 volts grid bias, the mutual conductance* is 7 mA divided by 4 volts, which 
is 1.75 mA/volt or 1 750 micromhos. 

*The value so determined is not exactly the value which would be obtained with a very small swing! 
but is sufficiently accurate for most practical purposes. 
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In these calculations it is important to work with points equidistant on each side 
of Q to reduce to a minimum errors due to curvature. 




Fig. 2.2. Plate charact- 
eristic family of curves 
for a typical triode. 




Ecr° 



Fig. 2.3. Plate charact- 
eristics of a pentode, for 
one fixed screen voltage- 



The plate characteristics of a pentode for one fixed screen voltage are shown 
in Fig. 2.3. Owing to the high plate resistance of a pentode the slope of the portion 
of the curves above the " knee " is frequently so fiat that it is necessary to draw ex- 
tended tangents to the curves as at A, B and Q. A horizontal line may be drawn 
through Q to intersect the tangents at A and B at points C and D. As with a triode, 
points A and B are vertically above and below Q. The mutual conductance is AB 
(4.1 mA) divided by 4 volts change of grid bias, that is 1.025 mA/V or 1025 micromhos. 
The amplification factor is the change of plate voltage (CD = 447 volts) divided by 
the change of grid voltage (4 volts) or 111.7. The plate resistance is EK/QK, i.e. 
180/0.001 65 or 109 000 ohms. 

The plate characteristics of a beam tetrode are somewhat similar to those 
of a pentode except that the " knee " tends to be more pronounced at high values 
of plate current. 

The plate characteristics of a screen-grid or tetrode are in the upper portion 
similar to a pentode, but the " knee " occurs at a plate voltage slightly greater than 
the screen voltage and operation below the " knee " is normally inadvisable due to 
instability. 

The plate and screen characteristics of a pentode are shown in Fig. 2.4, 
from which it will be seen that the total cathode (plate + screen) current for any 
fixed grid bias is nearly constant, except at low plate voltages, and that the plate 
current increases at the expense of the screen, and vice versa. A pentode is frequently 
described as a " constant-current device," but the plate current is not so nearly con- 
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stant as the combination of plate and screen currents, with fixed grid bias and screen 
voltage. 

(ii) Mutual characteristicsf 

The Mutual Characteristics may be drawn by mamtaining the plate voltage con- 
stant, and varying the grid from the extreme negative to the extreme positive voltage 
desired. For any particular plate voltage, there is a negative grid voltage at which 
the plate current becomes zero ; this is called the point of plate current cut-off, and 
any increase of grid voltage in the negative direction has no effect on the plate current, 
which remains zero. If the mutual characteristic were perfectly straight, the point 
of plate current cut-off would be at a grid voltage of E b / [i ; in reality, it occurs at 
a point slightly more negative, owing to the curved foot of the characteristic. 



E C2 « 28SV. 




Fig. 2.4. Plate and screen char- 
acteristics for a pentode, with 
fixed screen and grid voltages, 
showing also the cathode current 
curve which is the sum of the 
plate and screen currents at all 
plate voltages. 



200 300 400 

PLATE VOLTS (e^,) 




— -r- Fig. 2.5. 



Mutual characteristics 



of a triode, with one curve for 
each of five fixed plate voltages. 



+£ C 



The Mutual Characteristics of a triode are shown in Fig. 2.5. Each curve 
corresponds to a constant plate voltage. Let P be a point on the E b = 250 curve, 
and let us endeavour to find out what information is available from the curves. The 
bias corresponding to P is given by R (-6 volts) and the plate current is given by 
S (6 mA). Let now a triangle ABC be constructed so that AP = PC, AB is vertical, 
CB is horizontal and point B comes on the E b = 200 curve. 

The mutual conductance is given by AB/BC or 2-32 mA/4 volts, which is 0-580 
mA/volt or 580 micromhos. Thus the slope of the characteristic is the mutual 
conductance.** 

tAlso known as Transfer Characteristics. 

**This simple construction assumes that A P C is a straight line. In practice it is slightly curved but 
the construction gives a very close approximation to the slope at point P because the slope of the tangent 
at P is approximately the slope of the chord joining A and C. 
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2.2 



The amplification factor is given by the change of plate voltage divided by the 
change of grid voltage for constant plate current, that is 

En — Eb2 Ej,i — Eb Z 250 — 200 ... 

a = = — IZ'D. 

CB AE, 4 

The plate resistance is given by the change of plate voltage divided by the change 
of plate current for constant grid voltage ; that is 



Eiz En 



AB 



Ah 



250 - 200 
2-32 X 10~ 3 



= 21 600 ohms. 



These curves hold only if there is no series resistance in the plate circuit. They 
could therefore be used for a transformer-coupled amplifier provided that the primary 
of the transformer had negligible resistance. In the present form they could not be 
used to predict the operation under dynamic conditions. The static Operation point 
P may, however, be located by their use. 

The mutual characteristics of a pentode, for a fixed screen voltage, are very 
similar to those of a triode except that each curve applies to a different value of screen 
(instead of plate) voltage. The plate voltage of pentodes having high plate resistance 
has only a very minor effect on the plate current, provided that it does not come 
below the screen voltage. 
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-10 -« -6 -4 -2. N 

FKS.2-7 CONTROL GRID VOLTSfEo) 



CONTROL GRID VOLTS ( 



Fig. 2.7. Mutual cliaracteristics of a pentode, with constant plate voltage, and five 

fixed screen voltages. 
Fig. 2.8. Screen current mutual characteristics of a pentode {same as for Fig. 2.7). 

The Mutual Characteristic Family for a typical pentode is shown in Fig. 
2.7, and the corresponding screen current characteristics in Fig. 2.8. 

The resemblance between the shapes of the plate and screen characteristics is 
very close, and there is an almost constant ratio between the plate and screen currents 
along each curve. 

(iii) Grid current characteristics 

Positive grid current in a perfectly hard indirectly-heated valve usually commences 
to flow when the grid is slightly negative (point Y in Fig. 2.9) and increases rapidly 
as the grid is made more positive (Curve A). The position of point .Y is affected 
both by the contact potential between grid and cathode and also by the initial electron 
velocity of emission ; the latter is a function of the plate and grid voltages and the 
amplification factor of the valve, and will therefore vary slightly as the electrode 
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voltages are changed. The grid current commencement point in perfectly hard 
battery valves is usually slightly positive, so that they may be operated at zero bias 
with negligible positive grid current (Curve B). 

A typical valve at its normal negative bias will have negative (or reverse) grid current 
which is the sum of gas (ionization) current, leakage current and grid primary emission 
current. If the two latter are negligibly small, negative grid current (i.e. gas current) 
will be roughly proportional to the plate current, and will increase with the pressure 
of gas in the valve. If the plate current is maintained constant, the gas current varies 
approximately as the square of the plate voltage; reduced cathode temperature has 
little effect on this relationship (Ref. A12). See Chapter 1 Sect. 1 for general in- 
formation regarding gas current and Chapter 3 Sect. 3(iv)A for the measurement of 
reverse grid current. 

References to grid current characteristics — A12, HI, H2. 




Fig. 2.9. Grid current characteristics of a triode or pentode. 

Curve C shows the gas (ionization) current alone, and the solid line D is the com- 
bination of curves A and C, this being the grid current characteristic of a typical 
indirectly heated valve with a slight amount of gas. The maximum negative grid 
current occurs at a value of grid bias approximately equal to that of the grid current 
commencement point of the same valve if it could be made perfectly hard (point Y). 
The point of zero grid current (X) differs from the point of grid current commence- 
ment in a perfectly hard valve (Y). 

The grid current cross-over point (X) in a new indirectly heated valve is usually 
between zero and —1-0 volt, and some slight variations in the value are to be expected 
during life. Change of contact potential between grid and cathode results in a corres- 
ponding shift of the mutual characteristics ; a change of contact potential in the 
direction which makes the grid current cross-over point move in the positive direction 
during the life of the valve will result in decreased plate current, which may be quite 
serious in a high-mu triode operating on a low plate supply voltage. This is one 
reason why grid leak bias (with a grid resistor of about 5 or 10 megohms) is often used 
with such valves, so that the operating point is maintained in the same relation to 
the mutual characteristic. 

In battery type valves the grid current cross-over point is normally positive (up to 
say + 0.5 volt) but designers should allow for some valves with negative values, 
particularly in cases of low screen voltage operation. 
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Contact potential is only one of several effects acting on the grid to change the 
cross-over point (X) — the ethers include gas current, grid (primary) emission, leakage, 
and the internal electron velocity of emission. 

The grid variational conductance is equal to the slope of the grid characteristic 
at the operating point. The conductance increases rapidly as the grid voltage is made 
less than that corresponding to point Y, irrespective of the value of ionization current, 
so that input circuit damping due to the flow of electrons from cathode to grid (i.e. 
the positive component of the grid current) occurs in a typical valve even when the 
grid current is zero or negative (grid voltages between X and Y in Fig. 2.9). It is 
possible for the damping on the positive peaks of applied input voltage to be 
quite serious even when the microammeter reads zero. This point is applied 
in connection with r.c. triodes in Chapter 12 Sect. 2(iv). 

If the valve has a leakage path between grid and cathode* the leakage current 
is given by the line OF, which must be added to the gas current to give the grid current 
characteristic G. If it has leakage between grid and plate (or screen) the leakage 
current is given by the line HJ, which intersects the horizontal axis at a positive voltage 
equal to the plate (or screen) voltage ; this also must be added to the other components 
to provide the grid current characteristic. The combined leakage currents may be 
measured by biasing the grid beyond the point of plate current cut-off provided that 
the grid emission is negligibly small — otherwise see below. 

Grid emission with a negative grid is the primary emission 
of electrons due to grid heating from both cathode and plate 
(or screen) ; it gradually increases as the valve becomes 
wanner during operation. It increases the total negative grid 
current ard is included with leakage currents in the 
total negative grid current indicated by a valve tester. 
For methods of testing to discriminate between the 
various components of negative grid current, see 
Chapter 3 Sect. 3(iv)A. 

Negative-grid load lines 

When a valve is operated with a fixed 
negative grid bias, but has a total grid 
circuit resistance R „, the 
actual voltage on the grid 
may differ from the applied 
bias due to grid current. If 
negative grid current is pre- 
sent the condition will be as 
shown in Fig. 2.10 in which 
OA represents the applied 
bias. The plate current 
operating point with no grid 
current will obviously be Q 
but if the grid current 
characteristic is as shown, 
the grid operating point 
will be B and the plate 
operating point Q'. Point 
B is determined by the intersection of the grid current characteristic and a load line 
having a slope of —1/R t . The shift in grid bias due to voltage drop across R f will 
be AJfei or i?«./ el . The operating point can obviously never be swung beycnd the 
grid-current cross-over point C, so that the static plate current can never go beyond D 
(Fig. 2.10) due to negative grid currenr. 




Fig. 2.10. 



Grid current characteristics with 
grid loadlines. 
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If valve is operated with its grid completely open-circuited, the operating point 
will be at D, since this is the only point corresponding to zero grid current, unless 
the grid characteristic has a second point of zero grid current at a positive grid voltage 
(see under grid blocking). 

If the valve is operated with zero bias, that is with the grid resistor returned to 
cathode, the grid static operating point will be at E, the intersection of the grid current 
characteristic and the grid loadline through O. If the valve is one with positive 
cross-over point, operating at zero bias, the grid static operating point will occur at F. 

In all cases considered above, the operating points are for static conditions, and 
any large signal vcltages applied to the grid may have an effect in shifting the operating 
point. If the signal voltage swings the grid sufficiently to draw positive grid current, 
the operating point will shift as the result of rectified current flowing through R g . 

The effect of negative grid current on the maximum grid circuit resistance and the 
operation of a-f amplifiers is described in Chapter 12 Sect. 2(iii) and (iv) ; Sect. 3(iv)C 
and (v); also Chapter 13 Sect. 10(i). 

Fig. 2.11. Grid current characteristics 
indicating the possibility of "grid 
blocking" with a valve operating at 
zero bias. 




Positive grid voltages and grid blocking 

When the grid is made positive, it is bombarded by electrons which cause it to 
increase in temperature, and it may have both primary and secondary electron 
emission. This current is in a direction opposite to that of positive grid current 
flow, and may result in a slight kink in the grid characteristic, or may be severe enough 
to cause the grid current in this region to become negative. A typical case of the 
severe type is shown in Fig. 2.11, in which the greatest negative grid current occurs 
at a positive grid voltage of 70 or 80 volts. Such a valve is capable of " grid blocking " 
if the grid is swung sufficiently positive, and if the grid circuit resistance is high 
enough. Grid blocking can only occur if the grid loadline cuts the negative loop of 
grid current. In Fig. 2.11 the 01 megohm loadline cuts it at points A and B, but 
point A is unstable and the grid will jump on to point B and remain there until the 
valve is switched off, or the grid circuit resistance decreased until the grid loadline 
no longer cuts the curve (e.g. 0.04 megohm in Fig. 2.11). 

(iv) Suppressor characteristics 

In some pentodes, the suppressor is brought out to a separate pin, and may be used 
for some special purposes. Fig. 2.12 shows the mutual characteristics of a pentode 
suitable for suppressor modulation, although typical of any pentode. The curves 
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are in the shape of a fan pivoted at the 
cut-off point, with the slope controlled 
by the suppressor voltage. The curves 
of electrode currents versus suppressor 
voltage are given in Fig. 2.13, and in- 
dicate that the plate current curve rises 
fairly steadily from the point of cut-off 
at a high negative voltage but flattens 
out while still at a negative suppressor 
voltage. The screen current falls as 
the plate current rises, as would be 
expected, and the suppressor current 
commences at a slight positive voltage, 
although in this case it becomes negative 
at high voltages due to secondary 
emission. 

The suppressor is occasionally used 
as a detector in receivers, instead of a 
diode, but its rectification efficiency is 
low, since the internal resistance is of 
the order of 20 000 ohms. 

In remote cut-off r-f pentodes the 
suppressor is sometimes used to provide 
a more rapid cut-off characteristic. A 
family of mutual conductance and 
plate resistance curves for a typical 
remote cut-off pentode are given in 
Fig. 2.14. 

It will be seen the mutual conduct- 
ance for any fixed control grid voltage 
(say E n = —3) may be reduced by 
making the suppressor voltage nega- 
tive. This has the additional effect, 
however of decreasing the plate resist- 
ance from 0.8 megohm (at E c3 = 0) 
to 35 000 ohms at E& = -37, for 
E el = —3 volts. The initial rate 
of reduction is very steep, and occurs 
with all values of control grid voltage. 



FIG. 2. 
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Fig. 2.12. Mutual characteristics of 

a pentode (6SJ7) for various suppressor 

voltages. 
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Fig. 2.13. Suppressor characteristics of 

a pentode (6SJ7) for fixed control grid, 

screen and plate voltages. 



If the suppressor grid has the same 
bias control voltage as the control grid, 
the control characteristic will be as 
shown by the curve marked " E el = 
Fe3," but in this case the plate resist- 
ance, although initially slightly lower 
for E e3 = —3 than for E c3 = 0, rises 
rapidly as E Bl = E& is made more 
negative. 

(v) Constant current curves 

The third principal type of valve 
characteristic is known as the " Con- 
stant Current " Characteristic. A 



2.2 



(v) CONSTANT CURRENT CURVES 



23 



typical family of Constant Current Curves is shown in Fig. 2.15, these being 
for a typical triode (type 801). The slope of the curves indicates the ampli- 
fication factor, and the slope of the loadline indicates the stage voltage gain. 
The operating point is fixed definitely by a knowledge of plate and grid supply volt- 
ages, but the loadline is only straight when both plate and grid voltages follow the 
same law (e.g., both sine wave). Distortion results in curved characteristics, so that 
this form of representation is not very useful except for tuned-grid tuned-plate or 
" tank-circuit " coupled r-f amplifiers. Constant Current Curves may be drawn 
by transferring points from the other published characteristics. For a full treatment 
the reader is referred to 

(1) Mouromtseff, I. E., and H. N. 
Kozanowski " Analysis of the 
operation of vacuum tubes as Class 
C Amplifiers" Proc. I.R.E. 23.7 
(July, 1935) 752 : also 24.4 (April, 
1936) 654, 

(2) Everest, F. A., " Making life more 
simple " Radio 221 (July, 1937) 26. 

(3) "Reference Data for Radio En- 
gineers " (2nd edition, Federal 
Telephone and Radio Corporation, 
New York, 1946). 



(vi) •' u curves 

Curves of constant g m and gj, are 
plotted for a typical triode in Fig. 
13.9B. These are helpful in calculating 
the voltage gain of resistance-coupled 
triodes and, to a less extent, pentodes, 
and in other applications. (Refs. B14, 
B22). 
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SUPPRESSOR VOLTS 



Fig. 2.14. Suppressor characteristics of a 

remote cut-off pentode (6U7-G) for fixed 

screen and plate voltages. 



(vii) Drift of characteristics 
during life 

During the life of a valve there is 
always a slow drift which is particularly 
apparent in the plate and screen 
currents, mutual conductance, negative grid current and the contact potential point. 
The direction of drift sometimes reverses one or more times during life. It is as- 
sumed here that the valve is operated at constant applied voltages throughout its life. 

In general, the grid current crossover point (Fig. 2.9) tends to drift in the positive 
direction during life. The movement of the contact potential point results in a 
shift of the mutual characteristics which in turn has the effect of reducing the plate 
current which flows at a fixed grid bias. 

Life tests have been carried out (Ref. A12) for a period of 3200 hours on type 6SL7 
high-mu twin triodes. The recorded characteristic was the grid voltage to give a 
plate current of 0-1 mA with a plate voltage of 75 volts. The maximum drift was 
0-6 volt (from —1-65 to —1-05 volts), but the majority of the valves did not go out- 
side the limits —1-5 to —1-1 volt (0-4 volt drift). In most cases the drift was gener- 
ally in a positive direction, but there were two exceptions (cut of a total of twelve 
units) which showed a general tendency to drift in the negative direction for the first 
hundred hours or so and then to drift in the positive direction, ending up at apprpxi- 
mately the same values where they began. However, even those having a positive 
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general direction showed rapid changes in the rate of change, and usually at ieast 
one temporary reversal of direction. 

It was found that minimum drift occurred for plate currents between 0- 1 and 1 mA 
for indirecdy-heated types, or between 10 and 100 /*A for small filament types. 

This drift occurs in diodes and all types of amplifying valves, being particularly 
noticeable in its effects on high-mu triodes (on account of the short grid base) and on 
power amplifiers (on account of the decrease in maximum power output). In direct- 
coupled amplifiers this drift becomes serious, the first stage being the one most affected. 

Most of the drift usually occurs during the first hundred hours of operation. If 
stability is required it is advisable to age the valves for at least 2 days, but in some 
cases this does not cure the rapid drift. Reference A12, pp. 730-733. 




O IOO 200 . 

FIG. 2-16 PLATE VOLTS (E b ) 

Fig. 2.15. Constant current characteristics for a typical small transmitting triode (801). 
Fig. 2.16. Triode plate characteristics with loadlines for five values of load resistance. 

(viii) Effect of heater-voltage variation 

When a valve is being operated so that the plate current is small compared with 
the total cathode emission, an increase in heater voltage normally causes an increase 
in plate current, which may be brought back to its original value by an increased 
negative bias. With indirectly-heated cathodes the increase in negative bias is approxi- 
mately 0-2 volt for a 20% increase in heater voltage, whether the valve is a diode, 
triode or multi-grid valve (Ref. A12, p. 421). 

This effect is serious in d-c amplifiers ; there are methods for cancelling die effect 
(Ref. A12, p. 458). 



SECTION 3 : RESISTANCE-LOADED AMPLIFIERS 

(a) Triodes («') Pentodes. 

(i) Triodes 

When there is a resistance load in the plate circuit, the voltage actually on the plate 
is less than that of the supply voltage by the drop in the load resistor, 

Et = En — Rilb. 

This equation may be represented by what is known as a Load Line on the plate 
characteristics. Since the load is a pure resistance it will obey Ohm's Law, and the 
relationship between current and voltage will be a straight line j the loadline will 
therefore be a straight line. 
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The static operating point is the intersection of the loadline and the appropriate 
characteristic curve. Fig. 2.16 shows several loadlines, corresponding to different 
load resistors, drawn on a plate characteristic family. Zero load resistance is indicated 
by a vertical loadline, while a horizontal line indicates infinite resistance. 

A loadline may be drawn quite independently of the plate characteristics, as in Fig. 
2.17. The point B is the plate supply voltage E bb (in this case 300 V); rhe slope* of 
the loadline AB = — 1/R L and therefore AO = E bb /R L (in this case 300/50000 = 
0006 A = 6 mA). The voltage actually on the plate can only be equal to E bb when 
the current is zero (point B). At point A the voltage across the valve is zero and the 
whole supply voltage is across R L ; this is what happens when the valve is short- 
circuited from plate to cathode. The plate current {E b b /R L ) which flows under these 
conditions is used as a reference basis for the correct operation of a resistance coupled 
amplifier (Chapter 12). As the plate voltage, under high level dynamic conditions, 
must swing about the operating point, the latter must be somewhere in the region of 
the middle of AB ; the plate current would then be in the region of 0-5 E bb /R L and 
the plate voltage 0-5 E b b — in other words, the supply voltage is roughly divided equally 
between the valve and the load resistance. Actually, the operating point may be 
anywhere within the limits 0-4 and 0-85 times E bb /R L — see Chapter 12 Sect. 2(vi) 
and Sect. 3(vi). 

In most resistance-loaded amplifiers, the plate is coupled by a capacitor to the grid 
of the following valve, which has a grid resistor R t to earth. This resistor acts as a 
load on the previous valve, but only under dynamic conditions. In Fig. 2.18 the 
loadline AB is drawn, as in Fig. 2.17, and the operating point Q is fixed by selecting 
the grid bias (here —6 volts). Through Q is then drawn another line CD having a 
slope of — (1/R L + 1/R 3 ) J this is the dynamic loadline, and is used for determining 
the voltage gain, maximum output voltage and distortion (Chapter 12). 





100 200*00 

PLATE VOLTS (E b ) 

Fig. 2.17. Loadline is independent of valve curves. 
Fig. 2.18. Loadlines of resistance loaded triode ; AQB is without any following grid 
resistor, CQD allows for the grid resistor. 



The dynamic characteristic is the effective mutual characteristic when the valve 
has a resistive load in the plate circuitf. While the slope of the mutual characteristic 
is g m or /t/r„, the slope of the dynamic characteristic is p/(r p + Rj). Owing to 
(r„ + jR ; ) being more nearly constant than r P , the dynamic characteristic is more 
nearly straight than the mutual characteristic. 

♦The slope of AB is negative since the plate voltage is the difference between the supply voltage and 
the voltage drop in R £, and the inverted form (1 //? / ) is due to the way in which the valve characteristics 
are drawn with current vertically and voltage horizontally. The slope of AB h often loosely spoken 
of as being the resistance of R i ,the negative sign and inverted form being understood. 

+It does not make allowance for the folK-«wing grid resistor, and does not therefore correspond to 
the dynamic loadline. It is, of course, possible to derive from the dynamic loadline a modified dynamic 
characteristic which does make allowance for the grid resistor. 
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A typical dynamic characteristic is shown in Fig, 2.19 applying to a supply voltage 
of 250 volts and load resistance 0-1 megohm ; the mutual characteristics are shown 
with dashed lines. 

The dynamic characteristic may be drawn by transferring points from along the 
loadline in the plate characteristic to the mutual characteristic. An alternative 
method making use of the mutual characteristic is as follows — 

When the plate current is zero, the voltage drop in the load resistance is zero, and 
the plate voltage is equal to the supply voltage (250). For the plate voltage to be 
200 volts, there must be a drop of 50 volts in the load resistor (100 000 ohms) and the 
plate current must therefore be 50/100 000 or 0-5 mA, and so on. A table may be 
prepared for ease of calculation : 

Plate Voltage Drop in 

Voltage Load Resistor 

250 

200 50 

150 100 

100 150 

50 200 



Plate Current 
(= volts drop/12 j) 

0-5 mA. 
10 mA. 
1-5 mA. 
20 mA. 



It will be seen that this table is not affected by the shape of the valve characteristics. 
The dynamic characteristic may then be plotted by taking the intersections of the 
various plate voltage curves with the plate current values given in the table. 

The dynamic characteristic of a triode is very nearly straight along the central 
portion, with curves at both ends, the " upper bend " being always in the positive 
grid current region. 
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Fig. 2.19. Triode dynamic characteristic (solid line) for resistance loading. 
Fig. 2.20. Illustrating power dissipation in a resistance-loaded triode. 

Refer to Chapter 12 for further information on resistance coupled amplifiers. 

When a resistance-loaded triode is operated under steady conditions, the power 
dissipation is indicated by Fig. 2.20. The area of the rectangle OCDB represents 
the total power (E bb I b0 ) drawn from the plate supply. The area of the rectangle 
OCQK represents the plate dissipation of the valve (E bB I b0 ) and the area of the rect- 
angle KQDB represents the dissipation in the load resistor (E bb — E btt ) I b0 = ho*Rf 
Under dynamic conditions the plate dissipation decreases by the amount of power 
output, and the load resistor dissipation increases by the same amount, provided that 
there is no a.c. shunt load and that there is no distortion. The case of transformer- 
coupled loads is treated in Chapter 13. 

(ii) Pentodes 

Pentodes with resistive loads are treated in the same manner as triodes, the only 
complication being the screen voltage which must be selected at some suitable value 
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and maintained constant (Fig. 2.21). The operating point as an amplifier will norm- 
ally, as with a triode, be in the region of the middle of the loadline so that the voltage 
across the valve and that across R L will be approximately the same. The only 
special case is with very low values of R L (e.g. 20 000 ohms) where grid current 
occurs at approximately E n =0, thereby limiting the useful part of the loadline. 



t$-e-a volts 

SCREEN WDLTS-IOO 
» SUPPRESSOR VOLTS-0 
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Fig. 2.21. Loadlines of resistance-loaded pentode. 
Fig. 2.22. Triode plate characteristics and loadline with transformer-coupled load. 

With any value of screen voltage, and any value of load resistance, it is possible 
to select a grid bias voltage which will give normal operation as an amplifier. With 
load resistance of 0-1 megohm and above, pentodes give dynamic characteristics 
which closely resemble the shape of triode dynamic characteristics with slightly 
greater curvature at the lower end ; at the upper end, provided that the screen voltage 
is not too low, the pentode has a curved portion where the triode runs into grid current. 
The top bend of the pentode dynamic characteristic is often used in preference to 
the bottom bend for plate detection — see Chapter 27 Sect. l(ii)C. 

For further information on resistance coupled pentode amplifiers, reference should 
be made to Chapter 12 Sect. 3. 



SECTION 4 : TRANSFORMER-COUPLED AMPLIFIERS 

(0 With resistive load, (ii) Effect of primary resistance (iii) With i-f voltage amplifiers 
(iv) R-F amplifiers with sliding screen (v) Cathode loadlines (vi) With reactive loads. 

(i) With resistive load 

When the load resistance is coupled to the valve by an ideal transformer, there is 
no direct voltage drop between the supply voltage and the plate. The slope of the 
loadline, as before, is — 1/R L but the loadline must be lifted so that it passes through 
the operating point. Fig. 2.22 shows a typical triode with E b = 250 volts, and 
E e = —10 volts, thus determining the static operating point Q. The loadline AQB 
is then drawn through Q with a slope corresponding to a resistance of 30 000 ohms. 
It is not taken beyond point A (E e = 0) because in this case it is intended to be a 
Class A amplifier, operating without grid current. It is not taken beyond B because 
this is the limit of swing in the downward direction corresponding to A in the upward 
direction and having twice the bias of point Q (i.e. —20 volts). Of course, AB could 
be projected upwards and downwards if it were desired to increase the grid swing 
without regard to grid current or distortion. 



28 



TRANSFORMER-COUPLED AMPLIFIERS 



2.4 



(ii) Effect of primary resistance 

If the primary circuit includes resistance, the point Q must be determined by draw- 
ing through E b a straight line with a slope of — 1/R', where R' includes all resistances 
in the primary circuit other than the plate resistance of the valve. R f will include 
the d.c. resistance of the transformer primary winding and any equivalent internal 
resistance of the plate supply source. Fig. 2.23 is a typical example, with R' = 1500 
ohms, from which point Q can be determined as previously. The total a.c. load on 
the valve is then (R L + R% in this case 31 500 ohms, which will give the slope of 
AQB. In these examples it is assumed that fixed bias is used, and that the negative 
side of the supply voltage is applied directly to the cathode of the valve. 

(iii) With i-f voltage amplifiers 

I-F amplifiers., when correctly tuned, operate with the valve working into practically 
a resistive load. I-F and r-f amplifier valves are in two principal groups — sharp 
cut-off and remote cut-off. 

Sharp cut-off r-f pentodes operate in much the same manner as a-f pentodes, and 
the tuned transformer in the plate circuit reduces any distortion which might occur 
through non-linearity of the characteristics. The d.c. resistance of the transformer 
is usually so small that it may be neglected and the loadline drawn through Q with a 
slope corresponding to the dynamic load resistance of the transformer (including 
its secondary load, if any, referred to the primary). 




200 E b »00 
PCATE VOLTS 



Fig. 2.23. Triode plate characteristics and loadlines with transformer-coupled load, 

allowing for the resistance of the primary winding. 
Fig. 2.24. Plate characteristics of typical remote cut-off pentode with fixed screen and 

suppressor voltages. 

Remote cut-off r-f pentodes are similar, except that the mutual characteristics are 
curved, and the distortion is greater. Fig. 2.24 shows the plate characteristics of a 
typical remote cut-off pentode, with E b = 250 volts. Two loadlines (AQB, A' Q' B') 
have been drawn for grid bias voltages of —3 and —12 volts respectively, with a slope 
corresponding to a load resistance of 200 000 ohms, as for an i-f amplifier. This 
application of the loadline is not entirely valid, although it gives some useful informa- 
tion, since the tuned plate circuit acts as a " flywheel " to improve the linearity and 
reduce the distortion. This is a case in which constant current curves could be 
used with advantage. However, the ordinary plate characteristics at least indicate 
the importance of a high Q (high dynamic resistance) second i-f transformer if it 
is desired to obtain high output voltages at even moderately high negative bias volt- 
ages ; a steeper loadline would reach plate current cut-off at the high voltage peak. 

(iv) R-F Amplifiers with sliding screen 

Remote cut-off pentodes may have their cut-off points made even more remote 
by supplying the screen from a higher voltage (generally the plate supply) through a 
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Fig. 2.25. Plate current characteristic of remote cut-off pentode with " sliding screen."- 
The straight lines indicate the mutual conductances at several points. 

resistor designed to provide the correct screen voltage for the normal (minimum bias) 
operating condition. The screen requires to be by-passed to the cathode. 

The same method may be used with a sharp cut-off pentode to provide a longer 
grid base. This does not make it possible to obtain the same results as with a pro- 
perly designed remote cut-off pentode, although it does increase the maximum input 
voltage which can be handled with a limited distortion. It is important to remember 
that the extended plate current characteristic curve obtained by this method cannot 
be used to determine the dynamic slope, since the latter is higher than would be cal- 
culated from the characteristic. This is demonstrated in Fig. 2.25 which shows the 
" sliding screen " plate current characteristic, with straight lines drawn to indicate 
the mutual conductance at several points. 

The procedure for deriving the " sliding screen " plate current characteris- 
tic from the fixed voltage data is as follows — 

Let plate and screen current curves be available for screen voltages of 50, 75, 100 
and 125 volts (Fig. 2.26) and take the case with a series screen resistor (R s ) of 250 000 
ohms from a supply voltage of 300. 
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I Derived from the screen characteristics and transferred to the plate characteristics. 
Derived from the plate characteristics. 

(v) Cathode loadlines 

The static operating point with cathode self bias may be determined graphically 
bv the use of the mutual characteristic. The mutual characteristic of a triode shown 



30 



(v) CATHODE LOADLINES 



2.4 



in Fig. 2.27 applies to the voltage between plate and cathode — the total supply voltage 
will be greater by the drop in the cathode resistor jR t . 

Through O should be drawn a straight line OD, having a slope of —1/R k ohms. 
The point P where OD intersects the curve corresponding to the plate-to-cathode 
voltage (here 250 V) will be the static operating point, with a bias — E el and plate 
current I hl . 

In the case of pentodes, with equal plate and screen voltages, the " triode " mutual 
characteristic should be used, if available. With the plate voltage higher than the 
screen voltage, the triode mutual characteristic may be used as a fairly close approxi- 
mation, provided that the triode curve selected is for a voltage the same as the screen 
voltage. 

Alternatively, pentodes may be treated as for triodes, except that the slope of OD 
should be 

_ 1 . /> 

where I b and I c2 may be taken to a sufficient degree of accuracy as being the values 
under published conditions. The plate current {I b ') may then be read from the curve, 
and the screen current calculated from the ratio of screen to plate currents. 

For the use of cathode loadlines with resistance coupled triodes and pentodes, 
refer to Chapter 12. 
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Fig. 2.26. Plate and screen current characteristics of pentode illustrating procedure 
for deriving " sliding screen " characteristics. 
Fig. 2.27. Triode mutual characteristics with cathode bias loadline OD. 



(vi) With reactive loads 

When the load on the secondary of the transformer is not purely resistive, the load- 
line is normally in the form of an ellipse instead of a straight line. Fig. 2.28 shows 
three different examples of elliptical loadlines for purely reactive loads. A purely 
capacitive load has exactly the same shape of loadline as a purely inductive one, but 
the direction of rotation of the point is opposite, as indicated by the arrows. Curve A 
is for a high reactance, curve B for an intermediate value of reactance, and curve C 
for a low reactance. In each case the maximum current is E /X where E is the 
peak voltage across the reactance and X = <»L for the inductive case, and X = 1/taC 
for the capacitive case. The voltage E is shown as negative to the right of O, so 
as to be suitable for applying directly to the plate characteristics of the valve. 
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For convenience in application, the horizontal and vertical scales should be the 
same as in the valve characteristics to which the loadline is to be applied. For example, 
if on the plate characteristics one square represents 1 mA in the vertical direction and 
25 V in the horizontal direction, the same proportion should be maintained for the 
elliptical loadline. Having drawn the ellipse for any convenient value of E 0i it may 
be expanded or contracted in size, without changing its shape (that is the ratio of the 
major to the minor axis when both are measured in inches). 



(a) Resistance and inductance in series 

The load is more commonly a combina- 
tion of resistance and reactance. When 
the load is a resistance R L in series with 
an inductive reactance <oL, the maximum 
current through both will be I and the 
procedure is to draw both the straight re- 
sistive loadline for R L (AB in Fig. 2.29) 
and the elliptical loadline for a>L, and then 
to combine them in series. It will be seen 
that in Fig. 2.29 the peak current of the 
ellipse and of the resistive loadline are 
identical (/„). 



♦Co 




To combine these in series, it is neces- 
sary to consider the phase relations. When 
the current is a maximum (OE), the voltage 
drop across Rr is a maximum (AE) and 
that across L is zero, because there is 90° 
phase difference between the voltage and 
current : the total voltage drop across R L 
and L in series is therefore AE and point A 
is on the desired loadline. When the current is zero, the voltage drop across R L 
is zero, and that across L is OC ; the total voltage drop is therefore OC, and point C 
is on the desired loadline. At any intermediate point (OF) with current increasing 
the voltage drop across R L h FG, and that across L is FH, so that the total drop is 



Fig. 2.28. 
loadlines 



Three examples of elliptical 
for purely reactive loads. 
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Fig. 2.29. Resistive loadline (Rj); inductive loadline (<oL); and elliptical resultant 
for R L in series zoith toL (dashed curve). 

FJ = FG + FH. With similar procedure in the other three quadrants, the com- 
bined loadline is shown to be an ellipse CJADB which is tilted, or rotated in the 
clockwise direction as compared with the original ellipse. The maximum voltage 
drop is greater than that across either R L or L alone, as would be expected. 
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If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2,29, 
its series components may readily be determined. Mark points A and B where the 
ellipse reaches its maximum and minimum current values, then draw the line AB ; 
the slope of AB gives R L . Mark O as the centre of the line AB ; draw COD hori- 
zontally to cut the ellipse at points C and D. 

Then wL = E /I ohms, 

where E = voltage corresponding to length OD 

and I = current (in amperes) corresponding to max. vertical height of 

ellipse above line COD. 

Alternatively 

. Length of horizontal chord of ellipse through O, in volts 

o)Lt = ; '■ • 

Maximum vertical extent of ellipse, in amperes 

(b) Resistance and inductance in parallel 

When the load is a resistance R L in parallel with an inductive reactance mL, the 
maximum voltage across both will be E , and the resistive loadline and reactive ellipse 
may be drawn as for the series connection. In this case, however, the currents have 
to be added. In Fig 2.30 the maximum current through R L is CK (corresponding 
to +E ), while the maximum current through L is OE. When the voltage is zero 
and increasing, the current through R L is zero, and that through L is the 
minimum value OP ; point P is therefore on the desired loadline. When 
the voltage is its positive maximum (OC), the current through R L is CK and 
that through L is zero ; point K is therefore on the desired loadline. Simil- 
arly with points E and M. At an intermediate value, when the voltage is negative 
and approaching zero (OR), the current through R L is RS, and that through L is 
RT ; the total current is therefore RT + RS = RW, and W is on the desired loadline. 
The loadline is therefore the ellipse PKEMW. 



Fig. 2.30. Resistive loadline 
(jR ,)i inductive loadline {solid 
ellipse) ; and elliptical re- 
sultant for R L in parallel 
with to L (dashed curve). 
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If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2.30, 
its parallel components may readily be determined. Mark points K and M where 
the ellipse reaches its maximum and minimum voltage values, then draw the line KM ; 
the slope of KM gives R L . Mark O as the centre of the line KM ; draw BOP vertic- 
ally to cut the ellipse at points E and P. 

Then coL = E /I ohms, 
where E = voltage difference between points O and K, 
and /,, = current corresponding to length OE, in amperes. 

Alternatively 

Maximum horizontal length of ellipse, in volts 



a>L = 



Length of vertical chord of ellipse through O, in amperes 



(c) Resistance and capacitance 

A similar shape of loadline is obtained when the inductance is replaced by a capacit- 
ance of equal reactance, except that the direction of rotation is opposite. 
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(d) Applying elliptical loadlines to characteristics 

The elliptical loadlines derived by the methods described above may be applied 
to the plate characteristics of a valve, but it is first necessary to enlarge or reduce their 
size until they just fit between grid voltage curves corresponding to extreme swing 



TYPE 6SN7 
(EACH unit) 




FIG.2SI PLATE VOLTS 

Fig. 2.31. Triode plate characteristics zoith elliptical loadlines corresponding to resistance 
25 000 ohms in series zoith reactance of 18 000 ohms, 

in each direction. The examples taken have all been based on an arbitrary current 
(I ) or voltage (£„), which may be made larger or smaller as desired. In Fig. 2.31 
there is shown the elliptical loadline corresponding to a resistance of 25 000 ohms in 
series with a reactance of 18 000 ohms, on triode plate characteristics with 2? 6 = 250 
volts, E e = —10 volts and peak grid amplitude E sm = 8 volts. 



TYPE 6V6-GT 
EC2-250 VOLTS 



roNTROL GRC VOLTS -Eci'L 




200 E b 300 

PLATE VOLTS 



Fig. 2.32. Beam power amplifier plate characteristics zoith elliptical loadline corres- 
ponding to a resistance of 4750 ohms in parallel zoith a reactance of 23 000 ohms. 



Fig. 2.32 shows a typical beam power amplifier with an elliptical loadline with a 
resistive load of 4750 ohms shunted by a reactance of 23 000 ohms. The plate volt- 
age is 250 volts, grid bias —12-5 volts, and grid swing from to —25 volts.. 
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In all applications of elliptical loadlines to characteristics, the shape of the ellipse 
(i.e. the ratio of its major to its minor axis) and the slope of the major axis are deter- 
mined solely by the nature of the load. The ellipse can be imagined as being slowly 
blown up, like a balloon, until it just touches without cutting the two curves of extreme 
voltage swing. If there is no distortion, the centre of the ellipse will coincide with 
the quiescent working point, but in the general case the centre of the ellipse will be 
slightly displaced. 



SECTION 5 : TRIODE OPERATION OF PENTODES 

(0 Triode operation of pentodes (it) Examples of transconductance calculation (m) 
Triode amplification factor (iv) Plate resistance (v) Connection of suppressor grid. 

(i) Triode operation of pentodes 

Any pentode may be operated as a triode, provided that none of the maximum 
ratings is exceeded, and the characteristics may readily be calculated if not otherwise 
available. 

When the cathode current of a valve is shared by two collecting electrodes (e.g. 
plate and screen) the mutual conductance of the whole cathode stream (i.e. the " triode 
g m ") is shared in the same proportion as is the current. 
Let /* = cathode current 
I tt = screen current 
I b — plate current 

g m = pentode transconductance (to the plate) 
g t = triode transconductance (with screen and plate tied together) 
and g, = screen transconductance (with pentode operation). 

Then 7* = I ei + I b (1) 

gt = g m + g, (by definition) (2) 

and gjg t = I b /I k (3) 

If it is desired to find the screen transconductance, this can be derived from the 

expression 

g*/gm = Iez/Ib (4) 

or g./gt = /«//* (5) 

(ii) Examples of transconductance calculation 

Example 1 : Type 6J7-G as a pentode with 100 volts on both screen and plate, 
and with a grid bias of —3 volts, has the following characteristics : — 

Transconductance 1185 micromhos 

Plate Current 20 mA 

Screen Current 0-5 mA 

It is readily seen that the cathode current (see equation 1 above) is given by 

I h = 0-5 + 20 = 2-5 mA. 
The triode transconductance is calculated by inverting equation (3) above, 

gt/gm = Ik/h • 

Therefore g t /U85 = 2-5/20 
and g c — 1482 micromhos. 

The example selected was purposely chosen so as to have equal plate and screen 
voltages. Under these conditions the method is exact, and the calculated triode 
mutual conductance applies to the same conditions of plate and grid voltages as for 
the pentode operation (in this example 100 volts and —3 volts respectively). 

Example 2 : Type 6J7-G as a pentode with 250 volts on the plate, 100 volts on 
the screen, and —3 volts grid bias. 

In this case a similar method may be used, but it is necessary to make an assumption 
which is only approximately correct. Its accuracy is generally good enough for most 
purposes, the error being within about 5% for most conditions. 
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The assumption (or approximation) which must be made is — That the plate current 
of a pentode valve does not change as the plate voltage is increased from the same voltage 
as that of the screen up to the voltage for pentode operation. 

This assumption means, in essence, that the plate resistance is considered to be 
infinite — a reasonable approximation for most r-f pentodes, and not seriously in 
error for power pentodes and beam power valves. 

In this typical example we can take the published characteristics, and assume that 
the plate current and transconductance are the same for 100 as for 250 volts on the 
plate. From then on the procedure is exactly as in the previous example. It is 
important to note that the calculated triode characteristics only apply for a triode 
plate voltage of 100 volts and a grid bias of —3 volts. 

Example 3 : To find the screen transconductance under the conditions of Example 1 . 

From eqn. (2) we may derive the expression — 

g,=gt~g m = 1482 - 1185 
= 297 micromhos. 

This could equally well have been derived from eqn. (4) or (5). 

(iii) Triode amplification factor 

The triode amplification factor (if not available from any other source) may be 
calculated by the following approximate method. 

Let hi = triode amplification factor 

E co = negative grid voltage at which the plate current just cuts off 
and E c2 = screen voltage. 
Then /a* = E e2 /E c0 approx. (6) 

For example, with type 6J7-G having a screen voltage of 100 volts, the grid bias 
for cut-off is indicated on the data sheet as being —7 volts approx. This is the normal 
grid bias for complete plate current cut-off, but it is not very suitable for our purpose 
since equation (6) is based on the assumption that the characteristic is straight, whereas 
it is severely curved as it approaches cut-off. The preferable procedure is to refer 
to the plate current-grid voltage characteristic, and to draw a straight line making a 
tangent to the curve at the working point— in this case with a screen voltage of 100 
volts and grid bias —3 volts. When this is done, it will be seen that the tangent 
cuts the zero plate current line at about —5 volts grid bias. If this figure is used, 
as being much more accurate than the previous value of —7 volts, the triode amplifica- 
tion factor will be 

fi t = 100/5 = 20. 

Alternatively, if only the plate characteristics are available, much the same result 
may be obtained by observing the grid bias for the lowest curve, which is generally 
very close to plate current cut-off. 

In the case of remote cut-off characteristics it is essential to adopt the tangent 
method, and the result will only apply to the particular point of operation, since the 
triode amplification factor varies along the curve. 

The amplification factor of the screen grid in a pentode valve with respect to the 
control grid is almost exactly the same as the triode amplification factor. 

The amplification factor of the plate of a pentode valve with respect to its screen 
grid may be calculated from the expression — 

where ^,,,.5, = pentode amplification factor 
and ii ti . p = screen grid-plate mu factor. 

This expression can only be used when the pentode amplification factor is known. 
If this is not published, it may be determined from a knowledge of the plate resistance 
and mutual conductance. If the former is not published, it may be derived graphic- 
ally ; this derivation is only very approximatcin the case of sharp cut-off r-f pentodes, 
since the characteristics are nearly horizontal straight lines. 
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For example type 6AU6 has the following published values — 

^ ;•. : MSsr } - * - 25 °- *- - i25 > *- - - 1 v 

from which /x = 6675. 

But /*«.« = 36 approx. 

Therefore ni„ 2 -j> = 6675/36 = 185 approx. 

(iv) Plate resistance 

The " plate resistance " of each electrode (plate or screen) in the case of pentode 
operation, and the " triode plate resistance " when plate and screen are tied together, 
may be calculated from the corresponding values of p. and g m . 

(v) Connection of suppressor grid 

The suppressor may be connected either to cathode or to the screen and plate, 
with negligible effect on the usual static characteristics. Some valves have the sup- 
pressor internally connected to the cathode, so that there is no alternative. In other 
cases, connection to cathode slightly increases the output capacitance. In low level 
amplifiers, connection of the suppressor to cathode may give lower noise in certain 
cases if there is a high resistance leakage path from suppressor to cathode ; similarly 
its connection to screen and plate will give lower noise if there is leakage to the latter 
electrodes. 



SECTION 6 : CONVERSION FACTORS, AND THE CALCULATION 
OF CHARACTERISTICS OTHER THAN THOSE PUBLISHED 

(t) The basts of valve conversion factors (ii) The use of valve conversion factors (iii) 
The calculation of valve characteristics other than those published (iv) The effect of 
changes in operating conditions. 

Conversion Factors provide a simple approximate means of calculating the prin- 
cipal valve characteristics when all the voltages are changed by the same factor. It is 
possible to make certain additional calculations so as to allow for the voltage of one 
electrode differing from this strict proportionality. 

(i) The basis of valve conversion factors 

Valve Conversion Factors are based on the well-known mathematical expression 
of valve characteristics 

h = A(E b - nE c )* (1) 

where I b = plate current 
E b — plate voltage 
E c = grid voltage 

A = a constant depending upon the type of valve 
fj. = amplification factor 
and x = an exponent, with a value of approximately 1-5 over the nearly straight 
portion of the characteristics. 
If we are concerned merely with changes in the voltages and currents, then we can 
reduce the expression to the form 

I b oc(E b - (iE c ) x . _ (2) 

Now if we agree to change the grid voltage in the same proportion as the plate 
voltage, we obtain the very simple form 

I„acE b *. (3) 

Finally, if we take x as 1-5 or 3/2, we have the approximation 

h oc £»»/«. , (4) 

Put into words, this means that the plate current of a valve varies approximately 
as the three-halves power of the plate voltage, provided that the grid voltage is varied 
in the same proportion as the plate voltage. 
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The same result may be obtained with pentodes, provided that both the grid and 
screen voltages are varied in the same proportion as the plate voltage. This result 
is the basis of Valve Conversion Factors, so that we must always remember that their 
use is restricted to cases in which all the electrode voltages are changed in the same 
proportion. 

Let F e be the factor by which all the voltages are changed (i.e. grid, screen, and 
plate), and let l b be the new plate current. 

Then W oc (F t .E b yi\ (5) 

But I b = Fi.I b 
where F t is the factor by which the plate current is changed. 
Therefore F^I* oc CF ..£»)»'«. (6) 

From the combination of (4) and (6) it will be seen that 

Fi = Fe*l* (7) 

Now the power output is proportional to the product of plate voltage and plate 
current so that 

P oc E b .I b (8) 

and P/ocCF...B»)(2W (9) 

so that P c ' oc F e .Fi (E b .I b ) (10) 

oc F^FiiPo). (11) 

We may therefore say that the power conversion factor F P is given by the expression 
F v = Fe.Fi. (12) 

Therefore F v = F e 5 ' 2 . (13) 

The mutual conductance is given by 

_ change of plate current 
m change of grid voltage 
Therefore F am = FJF e = F.'i'/F. = F.*. (14) 

The Plate Resistance is given by 

_ change of plate voltage 
change of plate current 
Therefore F r = F e /F t = F e /F e *i* = F t ~i. (15) 

This also applies similarly to the load resistance and cathode bias resistance. 
We may therefore summarize our results so far: — 

Fi = F e 3 ' 2 (7) 

F„ = Fe 6 ' 2 (13) 

F Bm = F e i (14) 

F r = F e -i (15) 

These are shown in graphical form on the Conversion Factor Chart (Fig. 2.32A). 

(ii) The use of valve conversion factors 

It is important to remember that the conversion factors may only be used when all 
the voltages (grid, screen and plate) are changed simultaneously by the same factor. 
If it is required to make any other adjustments, these may be carried out before or 
after using conversion factors, by following the method given under (iii) below. 

Conversion factors may be used on any type of valve whether triode, pentode or 
beam tetrode, and in any class of operation whether class A, class AB1, class AB2 or 
class C. 

The use of conversion factors is necessarily an approximation, so that errors will 
occur which become progressively greater as the voltage factor becomes greater. 
In general it may be taken that voltage conversion factors, down to about 0-7 and up 
to about 1-5 times will be approximately correct. When the voltage factors are 
extended beyond these limits down to 0-5 and up to 2-0, the accuracy becomes con- 
siderably less, and any further extension becomes only a rough indication. 
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0-4 



0-6 0-8 l»0 I'S 2"0 

VOLTAGE CONVERSION FACTOR [F e ] 



2-5 



Fig. 2.32A. Conversion factor chart (by courtesy of R.C.A.). 



The example given below is a straightforward case of a pentode valve whose charac- 
teristics are given for certain voltages and which it is desired to operate at a lower 
plate voltage. 

Plate and screen voltage 250 volts 

Control grid voltage —15 volts 

Plate current 30 mA 
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Screen current 6 mA 

Mutual conductance 2,000 jumhos 

Power Output 2-5 watts. 

It is required to determine the optimum operating conditions for a plate voltage 
of 200 volts. 

The Voltage Conversion Factor (F e ) = 200/250 = 0-8. 

The new screen voltage will be 0-8 X 250 = 200 volts. 

The new control grid voltage will be —(0-8 x 15) = —12 volts. 

Reference to the chart then gives the following : 

Current Conversion Factor (F f ) 0-72 

Mutual Conductance Conversion Factor (F am ) 0-89 

Power Output Conversion Factor (F p ) 0-57 

The new plate current will be 0-72 X 30 = 21-6 mA. 

The new screen current will be 0*72 X 6 = 4-3 mA. 

The new mutual conductance will be 0-89 X 2000 = 1780 /Amhos. 

The new power output will be 0-57 x 2-5 = 1-42 watts. 

There are two effects not taken into account by conversion factors. The first 
is contact potential, but its effects only become serious for small grid bias voltages. 
The second is secondary emission, which occurs with the old type of tetrode at low 
plate voltages ; in such a case the use of conversion factors should be limited to regions 
of the plate characteristic in which the plate voltage is greater than the screen voltage. 
With beam power amplifiers the region of both low plate currents and low plate 
voltages should also be avoided for similar reasons. 

The application of conversion factors to resistance-capacitance-coupled triodes 
and pentodes is covered in Chapter 12 Sect. 2(x) and Sect. 3(x) respectively. 
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Fig. 2.33. Zero bios plate characteristics for type 807 beam power amplifier with six 
values of screen voltage (Ref. E2). 

Greater accuracy in the use of conversion factors over a wide range of screen voltages 
may be obtained, if curves are available for zero bias at a number of different screen 
voltages as in Fig. 2.33 (Ref. E2). 

When the plate, screen, and grid voltages of a pentode or beam power amplifier 
are multiplied by the same voltage conversion factor, the ratio of the plate current 
at a given grid bias to that at zero bias does not change. In order to convert a given 
family of plate characteristics to a new screen voltage condition, it is therefore only 
necessary to have a zero-bias plate characteristic for the screen voltage of interest. 
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Example 

Suppose that the family of plate characteristics shown in Fig. 2.34, which obtains 
for a screen voltage of 250 volts, is to be converted for a screen voltage of 300 volts. 
The zero-bias plate characteristic for E ci = 300 volts, which is shown in Fig. 2.33, 
is replotted as the upper curve in Fig. 2.35. 

Since all bias values shown in Fig. 2.34 must be multiplied by 300/250 = 1-2, 
corresponding plate characteristics for the new family obtain for bias values that are 
20 per cent, higher than those shown in Fig. 2.34. Consider the conversion of 
— 10-volt characteristic of Fig. 2.34. At a plate voltage ( E b » of 250 volts in Fig. 2.34, 
AB/AC = 100/187 = 0-535. On the new characteristic in Fig. 2.35 which corres- 
ponds to a bias of —12 volts, A'B'/A'C must also equal 0-535 at E b = 300 volts. 
Therefore, A'B' = 0-535 x A'C. From the given zero-bias characteristic of Fig. 
2.35, A'C = 244at£ 6 = 300 volts; hence A'B' = 131 milliamperes. AtE b = 200 
volts in Fig. 2.34 DE/DF = 98/183 = 0-535. Therefore, at E b = 200 x 1-2 = 
240 volts in Fig. 2.35, D'E' = 0-535 x 238 == 127 milliamperes. This process 
is repeated for a number of plate voltages and a smooth curve is drawn through the 
points on the new characteristic. 
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PLATE VOLTS 



Ft£. 2.34. 



Plate characteristics for type 807 zoith fixed screen voltage and eight values 
of grid voltage (Ref. E2). 

The factor 0-535 can" be used for the —10-volt characteristic at plate voltages 
greater than that at which the knee on the zero-bias characteristic of Fig. 2.34 occurs ; 
for plate voltages in the immediate region of the knee, a new factor should be deter- 
mined for each point. The plate characteristics of Fig. 2.34 should not be converted 
to the left of the dashed line of Fig. 2.34 because of space-charge effects. This 
limitation is not a serious one, however, because the region over which the valve 
usually operates can be converted with sufficient accuracy for most applications. The 
converted plate characteristic of Fig. 2.35 for E el = —30 volts was obtained in a 
similar manner to that for E cl = —12 volts. 

The curves of Fig. 2.35 were checked under dynamic conditions by means of a 
cathode-ray tube and the dotted portions show regions where measured results de- 
parted from calculated results. 

(iii) The calculation of valve characteristics other than those pub- 
lished 

It is frequently desired to make minor modifications in the operating conditions 
of a valve, such as by a slight increase or decrease of the plate voltage, change in grid 
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bias or load resistance. It is proposed to describe the effects which these changes 
will have on the other characteristics of the valve. 
The procedure to be adopted is summarized below : — 

FIG. 2.35 
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Fig. 2.35. Derived plate characteristics for type 807 with, different s. 
making use of Figs. 2.33 awcf 2.34 with conversion factors (Ref. E2). 






(a) In the absence of valve curves 

Triode — Use conversion factors to adjust the plate voltage to its new value, and 
apply the correct conversion factors to all other characteristics ; then adjust the grid 
bias to its desired new value by the method given below, and finally adjust the load 
resistance. 

Pentode or beam power amplifier — Use conversion factors to adjust the screen 
voltage to its new value, and apply the correct conversion factors to all other charac- 
teristics ; then adjust the plate voltage to the desired new value by the method given 
below ; then adjust the grid bias to its desired new value, and finally adjust the load 
resistance. 

(b) When valve curves are available 

Triode with no d.c. load resistance in the plate circuit : Refer to the pub- 
lished characteristics to find the maximum plate dissipation ; calculate the maximum 
plate current which can be permitted at the desired new plate voltage ; select a suit- 
able plate current for the particular application (which must not exceed the maxi- 
mum) ; and refer to the curves to find the grid bias to give the desired plate current. 

If the valve is a power amplifier, the load resistance may be determined by one of 
the methods described in Chapter 13 [e.g. triodes Sect. 2(iii) ; pentodes Sect. 3(iii)A]. 

Triode with resistor in plate circuit : Use conversion factors, with adjustments 
as required in accordance with the method given in (iv) below. 

Pentode or beam power amplifier : If curves are available for the published 
value of screen voltage, use the method in (iv) below to obtain the characteristics 
for a plate voltage such that, when conversion factors are applied, the plate voltage 
is the desired value. For example, if curves and characteristics are available for 
plate and screen voltages of 250 volts, and it is desired to determine the characteristics 
for a plate voltage of 360 volts and screen voltage of 300 volts : firstly determine the 
characteristics for a plate voltage of 300 and screen voltage of 250 ; then apply voltage 
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conversion factors of 1-2 to the plate, screen and grid voltages so as to provide the 
desired conditions. 

If curves are available for the new value of screen voltage, use conversion factors 
to bring the screen voltage to the desired value, then apply the method below to adjust 
the plate voltage, load resistance and grid bias. 

(iv) The effect of changes in operating conditions 

(A) Effect of Change of Plate Voltages of Pentodes and Beam Power 

Amplifiers 
(a) On plate current 

The plate current of a pentode or beam power valve is approximately constant over 
a wide range of plate voltages, provided that the plate voltage is maintained above the 
" knee " of the curve. The increase of plate current caused by an increase in plate 
voltage from E bl to E bi is given by the expression 

AE b Ebt — Em 



Ah 



(16) 



In many cases the plate characteristic curves are available, and the change in plate 
current may be read from the curves. 

(b) On screen current 

In the case of both pentodes and beam power valves the total cathode current 
(i.e., plate plus screen currents) is approximately constant over a wide range of plate 
voltages (see Fig. 2.4). The increase in plate current from En to E b2 is approxi- 
mately equal to the decrease in screen current over the same range. 




Fig. 2.36. Plate characteristics of power pentode illustrating effect of change of plate 

voltage. 



(c) On load resistance and power output 

The plate characteristics of a typical power pentode are shown in Fig. 2.36 in which 
I bl is the " published " plate current at plate voltage E bl and grid bias —E el . The 
loadline MPJ swings up to I max at E e — and down to I min at 22? rt , the assumption 
being made that the 2E el curve is straight and horizontal over the range of plate 
voltages in which we are interested. 

If the plate voltage is increased to Em the new loadline will be MPH, the point M 
being common to both, since it is at the knee of the characteristic. The quiescent 
operating point P' is at a higher plate current than P, the difference being Alv- 
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Since the power output is proportional to the area of the triangle under the loadline, 
it is also proportional to the value of the load resistance, all triangles having ML as a 
common side. It may readily be shown that 

Ebl — Emit, 



Rr = 



and 
Therefore 



R, 



■* max 

Eh9 



-*3 m 



-h 



R, 



Ejz — E n 
Ehi — E„ 



J- max 
U 1 1,2 



which is also the ratio of the output powers, 
is neglected as an approximation, then 

_Rj/ _ Eb 2 — E 
R 



— ^ (17) 

— i&2 

= I n or the rise of plate current 



l E bl — E m i n 

As an example, apply this to type 6V0VGT under the following conditions — 



(18) 



Plate voltage 
Screen voltage 
Grid voltage 
Load resistance 
Plate current (I 61 ) 
Peak plate current (I m 

XYJLLll. piaLC WUXJ.CJ-LL v.* n 

Min. plate voltage (2?„ 
Power output 
♦From curve. 



Published 
Condition 
250 
250 
-12-5 
5000 
47 
90* 
8* 
35 
4-5 



Desired 
Condition 
300 V 
250 V 
-12-5 V 
(see below) ohms 
48* mA 
90* mA 
8* mA 
35 V 
(see below) W 



Using equation (17)- 

Rr' 



300 - 35 90 - 47 



R 



250 - 35 90 - 48 
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whence R, 



1-26 x 5000 = 6300 ohms. 



The increase of power output is in proportion to the increase in load resistance, 
i.e. P = 4-5 x 1-26 = 5-66 watts. 

This method is remarkably accurate when there is very small rectification in the 
plate circuit, as is usually the case with power pentodes. With beam power amplifiers 
of the 6L6 and 807 class, in which the rectification is considerable (strong second 
harmonic component), the " corrected " loadline should be used as a basis, and the 
values of l max > I bl and E min should be those corresponding to the corrected loadline. 

If the rise in plate current (Ah) is considerable, the point P' will be above the 
centre point of the loadline MH, and there will be an appreciable amount of second 
harmonic distortion ; this may be reduced to zero (if desired) by increasing the load 
resistance sb'ghtly. 

(£) Effect of change of load resistance 

In a r.c.c. triode the effect of a change in R L on stage gain is very slight, provided 
that R L > 5r„. In any case where the change cannot be neglected, eqn. (7) of 
Chapter 12 Sect. 2 may be used to calculate stage gain. 

In a r.cc. pentode the effect of a change in R L on stage gain is given by eqn. (7) 
of Chapter 12 Sect. 3, bearing in mind that the mutual conductance at the operating 
plate current is increased when R L is decreased. As a rough approximation, the 
voltage gain is proportional to the load resistance. If optimum operating conditions 
are to be obtained, conversion factors should be applied to the whole amplifier — 
see Chapter 12 Sect. 3(x)C. 
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(C) Effect of change of grid bias 

In any valve which is being operated with fixed voltages on all electrodes and without 
any resistance in any of the electrode circuits, a change of grid bias will result in a 
change of plate current as given by the expression 

Ah = AE e X g m (19) 

where Alb = increase of plate current, 

AE e = change of grid bias in the positive direction, 
and g m = mutual conductance of valve at the operating plate current. 

In most practical cases, however, the valve is being operated with an impedance 
in the plate circuit and in some cases also in the screen circuit. The effect of a change 
in grid bias is therefore treated separately for each practical case. 

(a) On resistance-coupled triodes 

In this case a plate load resistor is used, resulting in a considerable voltage drop 
and a decrease in the effective slope of the valve. 

The change in plate voltage brought about by a change in grid bias is given by the 
expression 

Ah = AE C x fi/ix, +R L ) (20) 

where p — amplification factor of valve at the operating point, 

r„ = plate resistance of valve at the operating point, 
and JR jr, = resistance of plate load resistor. 

(b) On resistance-coupled pentodes 

The change of plate current with grid bias is given by the expression. 

Ah = AE„ x g d (21) 

where g d — dynamic transconductance at the operating point, 

= slope of dynamic characteristic at the operating point. 

The change of screen current (with fairly low screen voltages) is approximately 
proportional to the plate current up to plate currents of 0-6 E bb JR L and the change 
in screen current is given by the expression 

Ahz = Ah (Jcz/h) approx. (22) 

where 7 (2 = screen current 
and E bb = plate supply voltage. 

For further information on resistance coupled valves, see Chapter 12, Sects. 2 and 3. 

(c) On i-f or r-f amplifier 

In this case there is no d.c. load resistor and the full supply voltage reaches the 
plate of the valve. The change of plate current is given by eqn. (19) while the change 
in screen current may be calculated from the ratio of screen and plate currents, which 
remains approximately constant. The voltage gain is proportional to the mutual 
conductance* of the valve, and is therefore a maximum for the highest plate current 
at the minimum bias. A decrease in bias will therefore normally result in increased 
gain, while increased bias will result in decreased gain. The limit to increased gain 
is set by the plate or screen dissipation of the valve, by positive grid current, and, in 
some circuits, by instability. In most cases the mutual conductance curves are pub- 
lished so as to enable the change of gain to be calculated. 



(d) On power valves 

This subject is covered in detail in Chapter 13. 



•The voltage gain is also affected by the plate resistance, but this is quite a secondary effect unless 
the plate resistance is less than 0.5 megohm. In most remote cut-off pentodes the plate resistance falls 
rapidly as the bias is decreased towards the minimum bias, but this is more than counterbalanced by the 
rise in mutual conductance. 
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SECTION 7 : VALVE EQUIVALENT CIRCUITS AND VECTORS 

(0 Constant voltage equivalent circuit («) Constant current equivalent circuit (Hi) 
Valve vectors. 

Much useful information can be derived from an equivalent circuit of a valve, even 
though this may only be valid under limited conditions. The equivalent circuit is 
only a convenient fiction, and it must be remembered that it is the plate supply which, 
in reality, supplies the power— the valve merely controls the current by its varying 
d.c. plate resistance. The equivalent circuit is merely a device to produce in the 
load the same a.c. currents and voltages which are produced by the valve when alter- 
nating voltages are applied to its grid. 





- Fig. 2.37. (A) Equivalent 

circuit of valve using constant 

~ voltage generator (£) Equiva- 

+ lent circuit of valve and load. 



(i) Constant voltage equivalent circuit 

The simplest equivalent circuit treats the valve as an a.c. generator of constant 
r.m.s. voltage \iE 9i which is applied through an internal generator resistance r„ 
(Fig. 2.37A). This is valid for small alternating voltages (under which conditions 
the characteristics are practically uniform) but is of no assistance in determining 
direct currents or voltages, phase angles or operating conditions. It is also limited 
to frequencies at which the effects of capacitances are negligible. 

This may be elaborated, as in Fig. 2.37B, with the inclusion of the input circuit 
GK and the load Z L . The input voltage E, is shown by the ± signs to be such that 
the grid is instantaneously positive, and the plate negative (with respect to the cathode) 
at the same instant. It is assumed that the grid is biased sufficiently to prevent grid 
current flow. 

The current l v flowing through the load Z L produces across the load a voltage E h 
which is of opposite sign to E t . It will be noted that the " fictitious " voltage /*E ff 
is opposite in sign to £„, although p is positive ; this apparent inversion is a conse- 
quence of treating the valve as an a.c. generator. 

In the simplest case, Z L is a resistance R L . We can then derive the following 
relationships — 

lxE g = (r, + R L ) h (1) 

E L = -IvR L = -v-E, Rl „ (2) 



and 



V, + R L 

— i- = voltage gam = ~ 

E a r v + R L 



If the load is made up of a resistor £ L and an inductor X L in series — 



Complex Values 

Zl = Rl+JXl 

mE,= (r 9 + R L +jXj)i 9 

E, r, + R L +jX L 

and similarly for any other type of load. 



Scalar Values 



VR L * + X L ' 



V(r , + R L Y + X L \I, 
ji.VR L * + X L *' 
\<(r,+R L y + X L * 



(3) 



(4) 

(5) 

(6) 
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The interelectrode capacitances are shown in the equivalent circuit of Fig. 2.38, 
and may be taken as including the stray circuit capacitances. This circui* may be 
applied at frequencies up to nearly 10 Mc/s, beyond which the inductances of the 
leads and electrodes become appreciable. It may also be applied to a screen grid 
(tetrode) or pentode, provided that the screen is completely by-passed to the cathode ; 
in this case C tk becomes the input capacitance (C n . k + C^.^) and C, k becomes 
the output capacitance (C„ to all other electrodes). 

(ii) Constant current equivalent circuit 

An alternative form of representation is the constant current generator equivalent 
circuit (Fig. 2.39), this being more generally convenient for pentodes, in which the 
plate resistance is very high. Either circuit is equally valid for both triodes and 
pentodes. 







Fig. 2.38. Equivalent circuit of 

valve on load, with interelectrode 

capacitances. 




tip E L ~ 



Fig. 2.39. Equivalent circuit of 

valve on load, using constant 

current generator. 




Fig. 2.40. Equivalent circuit of 
valve on load, using constant 
current generator, with inter- 
electrode capacitances. 



In the constant voltage generator equivalent circuit, the current varies with load 
impedance and plate resistance ; in the constant current equivalent circuit, the voltage 
across the load and plate resistance varies with load impedance and plate resistance. 

A constant current generator equivalent circuit, in which account is taken of 
capacitances, is shown in Fig. 2.40. This circuit may be applied at frequencies 
up to nearly 10 Mc/s, beyond which the inductances of the leads become appreciable. 
It will be seen that C vk (which may be taken to include all capacitances from plate 
to cathode, and the output capacitance of a pentode) is shunted across both r t and Z L . 
In the case of a resistance-capacitance coupled stage, Z L would be the resultant of 
R L and R a (following grid resistor) in parallel. 

Maximum power output is obtained when the valve works into a load resistance 
equal to its plate resistance provided that the valve is linear and completely distortion- 
less over the whole range of its working, and also that it is unlimited by maximum 
electrode dissipations or grid current. In practice, of course, these conditions do 
not hold and die load resistance is made greater than the plate resistance. 

At frequencies of 10 Mc/s and above, the effects of the inductance of connecting 
leads (both internal and external to the valve) become appreciable. Although it 
is possible to draw an equivalent circuit for frequencies up to 100 Mc/s, in which 
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each capacitance is split into an electrode part and a circuit part (Ref. B21 Fig. 38) 
the circuit is too complicated for analysis, and the new circuit elements that have 
been introduced cannot be measured directly from the external terminals alone. 
At frequencies above about 50 Mc/s, transit time effects also become appreciable. 
The circuit which is commonly used for frequencies above 50 Mc/s is Fig. 2.47 in 
which the valve is treated as a four terminal network with two input and two output 
terminals. This is. described in Sect. 8(iii)e. 



^-Vt 




Fig. 2.41. Voltage and current 
relationships in a resistance- 
loaded valve. 



(iii) Valve vectors 

Vectors [see Chapter 6 Sect. 5(iv)] may be used to illustrate the voltage and current 
relationships in a valve, but great care must be taken on account of the special con- 
ditions. Vectors are normally restricted to the representation of the a.c. voltages and 
currents when the grid is excited with a sine- wave voltage limited to such a value that 
the operation is linear. The grid and output voltages (with respect to the cathode) 
are normally of opposite polarity when the load is resistive ; under the conditions 
noted above this is almost the same as being 180° out of phase except there is no half- 
cycle time lag between them. 

The voltage and current relationships for a resistance loaded valve are shown in 
Fig. 2.41 ; peak total plate current occurs with peak positive grid voltage and results 
in maximum voltage across the load (e L ) and minimum voltage from plate to cathode 
(e b ). It will be seen that e b + e L ~ E bb (the supply voltage) under all conditions, 
and that e L is naturally measured in the downward direction from E bb . If only 
alternating components are considered, a negative peak e a corresponds to a positive 
peak e v and a negative peak e L . If the supply voltage E bb is omitted from the equival- 
ent circuit, we are left with e v = — e L . 

Each case must be considered individually and the vectors drawn to accord with 
the conditions. The only general rule is that E g and [>E g are always either in phase 
or of opposite phase. 

Fig. 2.42 shows the vector diagram (drawn with respect to the cathode) of an 
amplifying valve with a resistance load and a.c. grid excitation. Commencing with 
the grid-to-cathode voltage E e , the vector — (iE g is drawn in the opposite direction 
but is ii times as large. The output voltage E L is in the same direction as — pEg, 
but smaller by the value I v r v . All of these voltages are with respect to the cathode 
and the centre point of the vector diagram has accordingly been marked K. The 
voltage E L across the load resistance is thus 180° out of phase with the grid voltage 
Eg, both being with respect to the cathode. The a.c. component of the plate current 
(I v ) is in phase with E L , since E L is the voltage drop which it produces in R L . 
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FIG.2-42 




FIG. 2-45 



g *l 




FIG.2-44 



Fig. 2.42. Equivalent circuit and vector diagram of resistance-loaded valve. 

Fig. 2.43. Vector diagram of valve with resistance load and capacitance from grid to 

plate. 
Fig. 2.44. Vector diagram of valve with partially inductive load and capacitance from 

grid to plate. 



When the equivalent circuit includes more than one mesh, it is usual to proceed 
around each mesh in mm, using some impedance, common to both, as the link 
between each pair of meshes. For example Fig. 2.43 shows a valve with a capacitor 
C av from grid to plate, and a resistive load. Firstly, set down E L in any convenient 
direction (here taken horizontally to the right) and I L in the same direction ; then 
draw /,. leading by approximately 90° (actually /,. leads E e by 90°) and complete the 
parellelogram to find the resultant current /,, ; then draw I v r v in the same direction 
as I v and complete the parallelogram to find the resultant yE a — this completes the 
first mesh. Finally take E„ along \iE g and complete the parallelogram to find the 
resultant of E g and E L , which will be E c . 

It will be noted that this procedure gives different vector relationships from those 
derived for the simpler case, this being the result of the different approach. With 
respect to E e > both E g and E L are nearly in phase ; with respect to nE g , both I v r v 
and E L are nearly in phase. 
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If the load is partially inductive (Fig. 2.44) the plate current and Ijr 9 lag behind 
E L and the resultant nE g is determined by the parallelogram ; E g and E L combine 
to give the resultant E t '» I c leads E e by 90°, and I L is determined by completing 
the parallelogram of which I c is one side and I v the resultant. 




FIG. 2-45 



Fig. 2.45. Vector diagram of valve with partially capacitive load and capacitance 

from grid to plate. 

With a partially capacitive load (Fig. 2.45) the plate current and J p r v lead E L , and 
the resultant pE g is determined by the parallelogram ; E g and E L combine to give 
the resultant E c ; I e leads E c by 90 °, and / L is determined by completing the parallelo- 
gram of which /,. is one side and I B the resultant. 



SECTION 8 : VALVE ADMITTANCES 

(0 Grid input impedance and admittance (ii) Admittance coefficients (Hi) The com- 
ponents of grid admittance — Input resistance — Input capacitance — Grid input admittance 
(a) with plate-grid capacitance coupling; (b) with both plate-grid and grid-cathode 
capacitance coupling ', (c) with grid-screen capacitance coupling ; (d) with electron transit 
time ; (e) equivalent circuit based on admittances (iv) Typical values of short-circuit 
input conductance (v) Change of short-circuit-input capacitance with transconductance 
(vi) Grid-cathode capacitance (viz) Input capacitances of pentodes (published values) 
(viii) Grid-plate capacitance. 

(i) Grid input impedance and admittance 

When a valve is used at low audio frequencies, it is sometimes assumed that the 
grid input impedance is infinite. In most cases, however, this assumption leads to 
serious error, and careful attention is desirable to both its static and dynamic im- 
pedances. 

As with any other impedance (see Chapter 4 Sect. 6) it may be divided into its 
various components : — 

Component Normal Reciprocal 

Resistive Grid input resistance (r g ) conductance (g g ) 

Reactive Grid input reactance (X g ) susceptance (B g ) 

Resultant Grid input impedance (Z g ) admittance (Y g ) 

Normal values are measured in ohms, while reciprocal values are measured in 
reciprocal ohms (mhos). It is interesting to note that 
a resistance of 

a reactance of \- is equivalent to 

an impedance of 
1 megohm 
01 megohm 
10 000 ohms 



1000 ohms 



a conductance of 
a susceptance of 
an admittance of 
1 micromho 
10 micromhos 
100 micromhos 

{1000 micromhos 
= 1 mA/volt 
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The following relationships hold : 

'■ + X/ 
X a „ B 



g ° - r* 4x* r ° ~ g* -+B* (1) 

-, (2) 



+ X* g„* + B t 



\Y.\ = Vg.* + *,,* =■ 1/\Z„\, Y, = g, +jB„ - 1/Z, (3) 

Similar relationships hold for other electrodes. 

It is usual to carry out calculations with admittances, even though the resultant 
may then have to be changed to the form of an impedance. With a number of con- 
ductances (or susceptances) in parallel, the total conductance (or susceptance) is found 
by adding all together, with due regard to positive and negative quantities : — 

eg. g, = gi + g 2 + g 3 + . . . +g k (4) 

B t =B 1 +B t +B 3 + ...+B k (5) 

Inductive reactance is regarded as positive. 
Capacitive reactance is regarded as negative. 
Inductive susceptance is regarded as positive. 
Capacitive susceptance is regarded as negative. 
With Complex Notation (see Chapter 6 Sect. 6) we have 

Z„ = R g +jX„ Y„ = g g -jB g . (6) 

(The " j " merely indicates a vector at 90° which must be added vectorially.) 

(ii) Admittance coefficients 

The operation of a valve may be expressed by the two equations 

i p =Ae 9 + B e u (7) 

i, = Ce,+D e v (8) 

where A, B, C and D are complex values determined by the valve characteristics, 
being in the form of admittances and known as the Admittance Coefficients. The 
effect of these Admittance Coefficients may be understood more easily by considering 
two special cases, one with a short-circuited output (i.e. short-circuited from plate 
to cathode) and the other with a short-circuited input (i.e. short-circuited from grid 
to cathode). 
Case 1 : ShOrt-circuited output (e„ = 0). 
From equation (7), i v — A e„ 
From equation (8), i„ = Ce„ 
where A is defined as the short-circuit forward admittance, 
and C is denned as the short-circuit input admittance. 
Case 2 : Short-circuited input (e, =0). 
From equation (7), i v = B e p 
From equation (8), i„ = D e v 
where B is denned as the short-circuit output admittance, 
and D is defined as the short-circuit feedback admittance. 

At frequencies up to about 10 Mc/s, the Admittance Coefficients are given approxi- 
mately by : 

Short-circuit forward admittance (A) = g m — j<aC tv an g m (9) 

Short-circuit output admittance (5) = l/r„ +j<o(C vh + C„„; (10) 

Short-circuit input admittance (C) = l/r„ +ja>(C ak + C„ p ) (11) 

Short-circuit feedback admittance (D) = joCg P (12) 

If the grid is negatively biased to prevent the flow of positive grid current, the grid 

resistance r becomes very high, and 1 /r„ may be negligible in the expression for C. 

At frequencies above 10 Mc/s the Admittance Coefficients are somewhat modified, 

the capacitances and admittances containing a term which is proportional to the square 

of the frequency. 

The short-circuit forward admittance (A) is affected by the transit time of electrons 
and the inductance of the cathode lead, thus causing a phase shift between anode 
current and grid voltage. This is treated in detail in Chapter 23 Sect. 5. 
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The short-circuit output admittance (B) is affected by the reduction in r„ which 
occurs with increasing frequency due to the capacitances and inductances of the 
electrodes. The capacitance term is practically constant. 

The short-circuit input admittance (C) is affected by the transit time of electrons, 
the inductances of the electrodes (particularly the cathode) and the capacitance be- 
tween grid and cathode. The capacitance term is practically constant. 

The j hort-circuit feedback admittance (D) remains purely reactive even at very high 
frequencies, although it changes from capacitive at low frequencies, through zero, 
to inductive at high frequencies. This can cause instability in certain circumstances. 

(iii) The components of grid admittance 
Input resistance may be due to -several causes : 

1. Leakage between the grid and other electrodes. 

2. Negative grid current (caused by gas or grid emission). 

3. Positive grid current (may be avoided by negative grid bias). 

4. Coupling between the grid and any other electrode presenting an impedance 
to the input frequency (e.g. C BV ). 

5. Transit time of the electrons between cathode and grid (at very high frequencies 
only). 

Input capacitance (C in ) is dependent on several factors : 

1. The static (cold) capacitance (C<) from the grid to all other electrodes, except 
the plate. 

For a pentode, C, = C gi .b + C gl . gi (13) 

For a triode, C, = C e *. (14) 

2. The very slight increase in capacitance caused by thermal expansion of the 
cathode (0-1 to 0-6 /x/JF for the majority of r-f pentodes). 

3. The increase in capacitance caused by the space charge and by conduction 
(0-5 to 2-4 /t/nF for r-f pentodes). 

4. Coupling between the grid and any other electrode presenting an impedance 
to the input frequency ; this holds both with capacitive and inductive reactance 
(Miller Effect— see below). 

5. Transit time of the electrons between cathode and grid (at very high frequencies 
only). 

References to change of input capacitance : B13, B15, B16, B17, CI, C4, C5. 

The measurement of interelectrode capacitances is covered in Chapter 3 Sect. 3(ii)g, 
together with some general comment!* and a list of references to their significance 
and measurement. 

Grid Input Admittance 

(a) With plate-grid capacitance coupling 

In the circuit of Fig. 2.46A, in which C gl . t and C al . gi are not considered, it may 
be shown* that 

r ■ 1 - " (gv + Gi)* + (B L +B gp y 

' g a B gv [g m .B L +B ap (j> p + G L +g m )] 
and 

r B v _ C„[Cg, + G L + gm ) (g, + Gj) + B L (JB L + B,j\ 
' *> ig v + G^ + (.B L + B gr y } 

where g 9 = l/r„ Y L = G L +jB L = 1/Z L , B 3V = l/X CtP = l/2*fC„. 
As an approximation, if g v << G L , and B tP << B is 

r, = — ■ = when the load is inductive (17) 

g„ gm^LoCg, 

= £ — when the load is capacitive (18) 

gm *~> gv 

•Sturley, K. R. " Radio Receiver Design, Part 1 " (Chapman & Hall, London, 1943) p. 37 et tag 
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(19) 



When B L is infinite, i.e. when Z L = 0, R tt is infinite and C, = £?„,,. 

When the load is inductive, the input resistance is usually negative, thus tending 
to become regenerative, although for values of B L between and 

~B gv (g P + G L + g m )/gm, 
the input resistance is positive. 

When the load is capacitive, the input resistance is always positive, thus causing 
degeneration. 

As an approximation, if B BV << g m andU^ << (#„ + G L ), the positive and negative 
minimum values of r„ are given by 



r„ (miri) & d 
and these occur at B L = ± (g v + G L ). 

-OB + 



2{g P + Gj) 

gmBgv 



(20) 




• B- 




OBt 



FIG.2-46A. 



FIC.2-46B. 



OB- 



Fig. 2.46. Conditions for deriving input admittance {A) with plate-grid capacitance 
coupling (B) general case including cathode circuit impedance. 



Similarly, the maximum value of the input capacitance is given by 



C„ (max) = C tI 
-B, 



1 + 



g m r p R, 



+ R 



l _ 



= C B 



1 + 



M^i 



+ R L. 



(21) 



which occurs at B L = — B gr> . This is the well known " Miller Effect " [see Chapter 
12 Sect. 2(xi) for a-f amplifiers]. The effect on the tuning of r-f amplifiers is treated 
in Chapter 23 Sect. 5, and on i-f amplifiers in Chapter 26 Sect. 7. 

In the circuit of Fig. 2.46B, which includes an impedance Z k in the cathode circuit, 
with the screen decoupled to the cathode, the input resistance is given approximately by 



+ B t 



1 + 



g m (g m + 2G k ) 



(22) 



g„ g m B tv B L 

where B vp and g v are neglected in comparison with the other components, and 
(B L G k — B k G L ) is very small. Thus the reflected resistance is increased, and the 
damping decreased, as the result of the insertion of Z k . 
The input capacitance under these conditions is given by 

\ G L +gJG L +B L * _ g m [gm 2 G L + g m (G k G L - B k B L )] ~ 
G L *+B L * (G L *+B L *)[(G k +g m y+B k *)_ 

which is less than with Z k = O. 

If the screen is by-passed to the cathode, 



C„ — C„ 



(23) 



+ B, 



1 



g t g m B av B. 



1 + 



g t (g t + 2G k ) 
G k * + B k * 



C„ — C BP 



\ G L +g m )G L +B L * 
G T * + B r * 



g m [gt* G L + g t (G k G L - B k B L )] 
(G L *+B L *)[(G k +g t )*+B k *] 



(24) 



(25) 
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where g t = criode g m (whole cathode current) 

= gm (I„ + /«)//^ 

(b) With both plate-grid and grid-cathode capacitance coupling 

The circuit is as Fig. 2.46B with the addition of a capacitance C gk between grid 
and cathode. The input resistance is given by 

r [(.G*+g m )*+B k *][G L *+B L *] 

9 g m [B aP B L (.G k * + B k *) -B gk B k (G L * + B L *)] K } 

This becomes infinite when B gv B L (G k 2 + B k 2 ) = B gk B k (G L 2 + B L *), which 
is the condition for input resistance neutralization (see Chapter 26 Sect. 8 for i-f 
amplifiers). This condition may be put into the form 

B gk C gk Lp 

Thus, by including an inductance L v = L k C gk /C g . p between the load and the 
plate, the input resistance may be increased to a very high value. The same effect 
may also be achieved by means of an inductance in the screen circuit. 

The input capacitance under the conditions of Fig. 2.46B is given approximately by 

C 9 .p G L C gk (G k + g m ) 



C S &C S1> + C gk + 



(28) 



_G L *+B L * (G k +gJ*+B k * 

If<?m *< G k it is possible to prevent change of input capacitance wheng™ is varied 
(for example with a.v.c), by making 

We _ R k 
C„ k R L 

(c) With grid-screen capacitance coupling 

Conditions as in Fig. 2.46B, but with screen by-pass capacitor. 

. _. (go* + G s y + (B, + B 5 ,. 92 ) 2 



Bgy.gz\ggl-BiB S B gX . g2 igt2. + G , + g gi . „%)] 



C s — C a 



(£ B 2 + G S + g gl . gz )(g g2 + G s ) + B 3 (B S + B Bl . gi ) 



(30) 



tert + G s y + (B, + B gl . g2 y 
where g e2 = screen conductance, 

gtti-nz ~ grid-screen transconductance, 
and Bjx.,,2 = susceptance due to capacitance from #1 to g2. 

In an r-f amplifier, B gl . ai and (g g2 + G s ) may usually be neglected in comparison 
with B„ and thus 

when B 8 is inductive (31) 



ggl'B2< a "L s C g \. g 2 r 



when B s is capacitive (32) 



gg\'9l G gl . B 2 
The input resistance may be made infinite by making 

C gi .gJCg k — Ljt/L, (33) 

(d) With electron transit time 

This subject is treated fully in Chapter 23 Sect. 5. 

(e) Equivalent circuit based on admittances 

In deteniiining valve admittances at frequencies higher than approximately 10 Mc/s, 
it is not practicable to introduce voltages or measure them direcdy at the electrodes 
of a valve. The lead inductances and interelectrode capacitances form a network 
too complex for exact analysis. The most practical method of avoiding such diffi- 
culties is to consider the valve, the socket, and the associated by-pass or filter circuits 
as a unit, and to select a pair of accessible input terminals and a pair of accessible 
output terminals as points of reference for measurements. When such a unit is 
considered as a linear amplifier, it is possible to calculate performance in terms of 
four admittance coefficients. These are : 
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Y iu — short-circuit input admittance 

= admittance measured between input terminals when the output ter- 
minals are short-circuited for the signal frequency. 
Y for = short-circuit forward admittance 

= value of current at output terminals divided by the voltage between 
the input terminals, when the output terminals are short-circuited 
for the signal frequency. 
Y out = short-circuit output admittance 

= admittance measured between output terminals when the input ter- 
minals are short-circuited for the signal frequency. 
Y t b = short-circuit feedback admittance 

= value of current at the input terminals divided by the voltage between 

the output terminals, when the input terminals are short-circuited 

for the signal frequency. 

Each of these admittances can be considered as the sum of a real conductance 

component and an imaginary susceptance component. In the cases of the input and 

output admittances, the susceptance components are nearly always positive (unless 

the valve is used above its resonant frequency) and it is, therefore, common practice 

to present the susceptance data in terms of equivalent capacitance values." The 

short-circuit input capacitance is the value of the short-circuit input susceptance 

divided by 2w times the frequency. The capacitance values are more convenient 

to work with than the susceptance values because they vary less rapidly with frequency 

and because they are directly additive to the capacitances used in the circuits ordinarily 

connected to the input and output terminals. However, when frequencies higher 

than 200 Mc/s and resonant lines used as tuning elements are involved, the use of 

susceptance values may be preferable. 



INPUT 




i i- ; 



^•u 




FIG. 2-47 



Fig. 2.47. Alternative form of equivalent circuit for deriving input admittance 

In Fig. 2.47 the short-circuit input admittance is represented by a resistor r, and 
a capacitor C, in parallel across the input, terminals. The value of r t is equal to the 
reciprocal of the short-circuit input conductance and the value of C„ is equal to the 
short-circuit input capacitance. The short-circuit output admittance is represented 
by a similar combination of r p and C„ across the output terminals. 

Since the input and output circuits are separated, allowance may be made for their 
interaction by an additional constant current generator in each. A constant current 
generator is shown at the output terminals producing a current equal to the product 
of the short-circuit forward admittance and the input voltage. A similar generator 
is shown at the input terminals producing a current equal to the product of the short- 
circuit feedback admittance and the output voltage. 

The principal differences in the performance of receiving valves at high and low 
frequencies can be attributed to the variations of the short-circuit input conductance 
with frequency. The other short-circuit admittance coefficients, however, contribute 
to the input admittance actually observedln an operating circuit as follows : 

Voltage gain (A) = Yf " ss gn (34) 

* out -r X L Yout + * h 

Added current at input terminals due to presence of load ;= e t A Y } b . (35> 
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Phase angle of added component = phase angle of voltage gain + phase angle 
of feedback admittance. (36) 

Grid input admittance (Y„) = Y in + AY fb 

= Y in + *" Y l\ (37) 

I out T * L 

See also Ref. B21. 

The measurement of the four short-circuit admittances is covered in Chapter 3 
Sect. 3(vi) A, B, C and D and also Refs. B17, B21. 



(iv) Typical values of short-circuit input conductance 

Pentodes tested under typical operating conditions (Ref. B17). 



Type 


Input com 


iuctanc 


e approx 


. (micror 


nhos) 




Mutual 




/ = 50 


60 


80 


100 


120 


150 Mc/s 


Conductance 
/xtnhos 


6AB7 


200 


310 


600 


980 






5000 


6AC7 


380 


600 


1200. 


1970 






9000 


6AG5 


100 


145 


280 


326 


480 




5000 


6AK5 


40 


57 


92 


134 


185 




5100 


6AU6 


180 


280 


490 


759 


1100 




5200 


6BA6 


150 


230 


410 


603 


950 




4400 


6CB6 


125 


170 


300 


460 


(Ref. B20) 




6200 


6BJ6 








275 


(Ref. B19) 




3800 


6SG7 


190 


270 


430 


604 


670 




4700 


6SH7 


200 


300 


470 


632 


880 




4900 


6SJ7 




260 


380 


528 






1650 


6SK7 


138 


190 


320 


503 


660 




2000 


9001 






44 


60 


96 


141 


1400 


9003 






48 


66 


100 


145 


1800 


Z77 


110 at. 


45 Mc 


/s (Data 


from M.O.V.) 




7500 



(v) Change of short-circuit input capacitance with transconductance 

(/ = 100 Mc/s). Ref. B17 unless otherwise indicated. 

Increase in capacitance (/*/*F) from cut-off 

Type to g m ■■= 1000 2000 4000 Typical operation 



6AB7 


0-55 


10 


1-7 


1-8 


jumhos 
5000 


6AC7 


0-65 


1-2 


1-8 


2-4 


9000 


6AG5 


0-5 


0-8 


1-25 


1-4 


5000 


6AK5 


0-3 


0-6 


10 


11 


5100 


6AU6 


0-6 


11 


20 


2-5 


5200 


6BA6 


0-75 


1-4 


2-2 


2-2 


4400 


6BH6 (Ref. B18) 
6CB6 (Ref. B20) 
6BJ6 (Ref. B19) 
6SG7 


0.8 


1-5 


2-2 


1-8 
1-54 
1-6 
2-3 


4600 
6200 
3800 
4700 


6SH7 


0-75 


1-3 


205 


2-3 


4900 


6SJ7 


0-8 


— 


— 


10 


1650 


6SK7 


0-65 


118 


— 


1-2 


2000 


9001 


0-35 


— 


— 


0-5 


1400 


9003 


0-39 


— 


— 


0-5 


1800 


Z77 (M.O.V.) 
Limits 


0-3-0-8 


0-6-1-5 


1-0-2-2 


2-2 
0-43-2-38 


7500 
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Value of unbypassed cathode resistor needed for complete compensation 
of input capacitance change with bias change (Ref. B18) 

Unbypassed 



Valve 




Interelectrode capacitances 


cathode 


Gain factor* 


type 




c in 




C„ut 


*~>gj> 


resistor 




6BA6 


5-5 


HfiF 


50 


MiF 


00035 mjF 


100 ohms 


0-62 


6AU6 


5-5 




50 




00035 


85 


0-61 


6AG5 


6-5 




1-8 




0025 


50 


0-75 


6AK5 


4-0 




2-8 




002 


50 


0-75 


6BJ6 


4-5 




5-5 




00035 


135 


0-59 


6BH6 


5-4 




4-4 




00035 


110 


0-59 


Z77 


7-4 




3-1 




0009 


60 


0-64 


♦degeneration due to unbypassed cathode resistor (see below). 






Gain factor 


gain 


with cathode 


unbypassed 




(ISC 


gain 


with cathode by-passed 
1 







1 + R kgm (J, + I c2 )/I b v J 

where JR fc = cathode resistor for complete compensation of input capacitance 
change with bias 

AC 

AC = change in input capacitance in farads from normal operating con- 
dition to cut-off, 
C gk = grid-to-cathode capacitance in farads measured with valve cold, 
g m = mutual conductance in mhos at normal operating condition, 
J b — direct plate current in amperes 
and J e2 = direct screen current in amperes. 

(vi) Grid-cathode capacitance 

The mathematical treatment of the effects of grid-cathode capacitance has been 
given above. Methods of neutralization are described in Chapter 26 Sect. 8. 

The published grid-plate capacitances are usually in the form of a maximum value, 
without any indication of the minimum or average value. In some cases the average 
is fairly close to the maximum, while in others it may be considerably less. The 
average value is likely to vary from one batch to another, and from one manufacturer 
to another. Equipment should be designed to avoid instability with the maximum 
value, although fixed neutralization should be adjusted on an average value, determined 
by a test on a representative quantity of valves. 

Effect of electrode voltages on grid-cathode capacitance — see Ref. B23. 



(vii) Input capacitances of pentodes (published values) 


1. Indirectly heated 


/x/aF 


High slope r-f (metal) 


8 to 11 


Ordinary metal r-f \ 
All glass and miniature r-f J 


4-3 to 7 


Small power amplifiers 


5 to 6 


Ordinary power amplifiers 


6-5 to 10 


Large power amplifiers 


10 to 15 


Pentode section of diode-pentodes : 




Metal 


5-5 to 6-5 


Glass 


3 to 5-5 


2. Directly heated 




2 volt r-f pentodes 


5 to 6 


1-4 volt r-f pentodes 


2-2 to 3-6 


2 volt power pentodes 


8 


1-4 volt power pentodes 


4-5 to 5-5 



2.8 (viii) GRID-PLATE CAPACITANCE 57 

(viii) Grid-plate capacitance 

The grid-plate capacitance decreases with increasing plate current. Eventually 
the rate of change becomes very small and even tends to become positive. The 
total change in triodes does not usually exceed 006 /x/iF for high-mu types, or 0*13 
ftfiF for low-mu voltage amplifiers, although it may exceed 2 fifiF in the case of 
triode power amplifiers (Ref. B13). 



SECTION 9 : MATHEMATICAL RELATIONSHIPS 

(i) General (m) Resistance load (Hi) Power and efficiency (iv) Series expansion ; 
resistance load (v) Series expansion ; general case (vi) The equivalent plate circuit 
theorem (vii) Dynamic load line — general case (viii) Valve networks — general case 
(ix) Valve coefficients as partial differentials (x) Valve characteristics at low plate 
currents. 

(i) General 

Valve characteristics may be represented mathematically as well as graphically 
(see Chapter 6 for mathematical theory). 

The plate (or space) current is a function (F) of the plate and grid voltages and may 
be expressed exactly as 

i b = F (e b + fie e + e x ) (1) 

where e x is the equivalent voltage which would produce the same effect on the plate 
current as the combined effects of the initial electron velocitv of emission together 
with the contact potentials. The amplification factor n is not necessarily constant. 
There will be a small current flow due to e x when e b and e e are both zero. 

As an approximation, when e b and fie c are large, e% may be neglected. The func- 
tion in eqn. (1) may also be expressed approximately in the form 

ft a; K(e b + ne c ) n (2) 

in which K is a constant. The value of n varies from about 1-5 to 2-5 over the usual 
operating range of electrode voltages, but is often assumed to be 1-5 (e.g. Conversion 
Factors) over the region of nearly-straight characteristics, and 2-0 in the region of 
the bottom bend (e.g. detection). We may take the total differential* of eqn. (2), 

d i b = ^l d e b +^de e (3) 

oe b de c 

which expresses the change in i b which occurs when e b and e e change simultaneously. 

Now — see (ix) below — provided that the valve is being operated entirely in the region 

in which /*, g m and r v are constant, 

3t 6 1 , di b 

5— = - and r =? fl , 
oe b r v oe c 

so that di b = — de b + g m de c . (4) 

r v 

If i b is held constant, 

— de b + g m de c — 0, 
r, 

and thus g m r P = — — - (i b constant) (5) 

de c 

whence g m r v = \l [see (ix) below]. (6) 

The treatment so far has been on the basis of the total instantaneous voltages and 
currents, e b , e e , i b > it is now necessary to distinguish more precisely between the 
steady (d.c.) and varying (signal) voltages and currents. 

♦For total differentiation see Chapter 6 Sect. 7(ii). 
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Instantaneous total 'values e b e e i b 

Steady (d.c.) values E b0 E lt I b0 

Instantaneous varying values e v e„ i„ 

Varying (a.c.) values (r.m.s.) E P E e I- 

Supply voltages E bb E cc 

For definitions of symbols refer to the list in Chapter 38 Sect. 6. 

In norma! operation each of the voltages and currents is made up of a steady and 
a varying component: 

Ift = IbO + *v I 

e b = E b0 + e„ > (7) 

Eqn. (4) may therefore be extended in the form 

d(I b0 + i v ) = - d(E be + e 9 ) + g m d(E ee + «,). 

But the differentials of constants are zero, and the relation between the varying com- 
ponents may be expressed in the form 

i, = e -*+g m e 9 (8) 

or i, = e » + **" • (9) 

This only holds under the condition that p, g m and r„ are constant over the operating 
region. 

(ii) Resistance load 

If there is a resistance load (Rj) in the plate circuit, 

e b + e L ' = E bb (10) 

where e L ' is the instantaneous total voltage across R L . 
Breaking down into steady and varying components, 

(E b + e p ) + (E L +ej)=E bb (11) 

where e L is the instantaneous varying voltage across R L , 
and E L is the steady (d.c.) voltage across R L . 

Under steady conditions e v — e L — 0, and therefore 

E b + E L = E bb . 

Now, by Ohm's Law, E L = I b R L 

Therefore I b = Elh ~ Eb . (12) 

L 
Eqn. (12) represents a straight line on the plate characteristics, passing through the 
points 

E b = E bbi I b = and E b = 0, I b = E bb /R L , 
in other words, the loadline. 

The quiescent operating point must satisfy both the equation for the valve charac- 
teristics (1) and that for the loadline (12), therefore 

F(e b + v* e + «0 = E »- E \ (13) 

K L 

Under varying conditions, neglecting steady components, we may derive from 
equation (11) the relation 

e » + e L ~ ° 

i.e. e p = ~e L . (14) 

Also e L = i,R L by Ohm's Law, 
Therefore e„ = —iJt L . (15) 
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Substituting this value of e P in equation (9) we obtain 



ne a 



" r +R (16) 

Tv -r K i, 

which is a fundamentally important relation but which holds only in the region where 
/i, g m and r, are constant. 

Substituting — e L (eqn. 14) in place of e„ in equation (9) we obtain, for the valve 
alone, 

. _ -e L 4 i* g 



i.e. e L = iie„ — 1, r, (17) 

which is the basis of the constant voltage generator equivalent circuit as in 

Sect. 7(i). 
Eqn. (17) may be put into the form 

e L = r, (g n e g - i P ). (18) 

This voltage e L across the valve and the load can be developed by means of a current 
gm «ff> passed through r p in the opposite direction to i P> so that the total current through 
r? is (g m e a — *„). Eqn. (18) is the basis of the constant current equivalent 
circuit as in Sect. 7(ii). 

The voltage gain {A) of an amplifying stage with a load resistance R L is 



A = 



i^-L 1 _ 


P&L 


e, Ij 


r,+R± 



When the load is an impedance Z Li the voltage gain may be shown to be 

V- Z L I — ! ** ! 



A = 



r v + Z L \ I 1 + rJZ L I 

where r„ and Z are complex values (see Chapter 6). 
If Z 7 ■ — Rj + jX L , the scalar value of A is given by 

VR L * + X L * 



A = /x 



V(r, + i?i) 2 + X x » 
The voltage gain may also be put into the alternative form 

r„Z, 



gt 



r* + Z L 
g m Z L \ if r p > Z L . 



(19) 
(20) 

(21) 

(22) 
(23) 



(iii) Power and efficiency 

When the operation of a valve as a Class A, amplifier is perfectly linear we may 
derive* the following: — 



Zero-Signal : 






Plate current 


— Ibo- 




Power input from plate supply 


Pbo = Ebb lbo- 




D.C. power absorbed in load 


Pde — ?bo S &l ~ Elc Ibo' 




Quiescent plate dissipation 


*■ p o == t^bo * bo- 




But 


Ebb — Ebo + Eio. 




Therefore 


Pbb = Ebo I bo + Elo Ibw 






= P,o + Pac- 


(24) 


Signal Condition : 






Average value of total input = P ib 


= 2?&6 Ibo 


(25) 


which is constant irrespective of the 


signal voltage. 





♦After book by M.LT. Staff 
pp. 419-425. 



'Applied Electronics" (John Wiley & Sons Inc. New York, 1943) 
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Power absorbed by load = P L 



p l=Y, 



(26) 




'2ir 



(/»„ + i p y R L d(a>t) 



1 



T2tt 1 

h 2 R L d{a>t) + 2„ 

o 
= ho 2 R L +0 + P„, 

i.C.P L = P de + Poc 

1 f 2w 

where P ac = r- i v 2 R L d(a>t) 
2tt 



C2tt l 

lI^i^Rjdioit) + ^ 



C2r 



Plate dissipation P„ 



2tt 



'2w 



e b i b d(o>t) 



i^Rjd^i) (27) 

(28) 
(29) 

(30) 



From eqns. (28) and (29) it will be seen that the power absorbed by the load increases 
when the signal voltage increases, but the power input remains steady ; the plate 
dissipation therefore decreases as the power output increases. 



i.e. P v = P ib - P L 

from (26), (28) = E bb I b0 - E Lo I bo - P ae 

= H bu l bo i j[ 

== * po ■» ac 

where P po = E b0 I b0 . 



(31) 
(32) 

(33) 



That is to say, the plate dissipation (P„) is equal to the apparent d.c. power input 
to the valve (P„<,) minus the a.c. power output. 

power output 



The plate efficiency ij v = 



For non-linear operation 



d.c. power input 

1 ae 
^•bo'- bo 



Vv = 



ac I 

bT b J 



(34) 



(35) 



With sinusoidal grid excitation, linear Class A, valve operation and resistive load, 



Applying equation (16), 



■* a e — *-* «•* d — ' n *& \ 



n*E g *R L 



Hi 

dR, 



mW p 



(r, + r l y 

squaring to 

r p + R L ) 2 -2R L (r v +R L ) 



(36) 



Differentiating with respect to R L and equating to zero in order to find the condition 
for maximum power output, 



.,, L (r p +R L y 

i.e. when ( r , + R L Y -2R L (r, + R £) = 

or when R L = r„ 
and the maximum power output is 



= 



(37) 
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P acm = ^ = ^f Km- (38) 

4r„ 4 

The factor figm is a figure of merit for power triodes. 

If the load is an impedance {Z L = R L + jX L )ths condition for maximum power 

output is when 

R L = Vr, 2 + X L \ (39) 

In the general case, with a resistive load, the power output is given by eqri. (36) which 
may be put into the form 

IL 2 F 2 1 

ac j r R~/ (40) 

" p 4- 2 4- ^ 

If&^/rj, = 2, the loss of power below the maximum is only 11%, while if R L /r p = 4 
the loss of power is 36%, so that " matching " of the load is not at all critical. 

The treatment above is correct for both triodes and pentodes provided that both 
are operated completely within the linear region, that is with limited grid swing. A 
pentode is normally operated with a load resistance much less than the plate resistance 
on account of the flattening of the output voltage characteristic which would other- 
wise occur at low plate voltages. 

This subject is considered further in Chapter 13, under practical instead of under 
ideal conditions. 

(iv) Series expansion ; resistance load 

Except in eqn. (1), which is perfectly general, certain assumptions have been made 
regarding linearity and the constancy of /*, g m and r„ which restrict the use of the 
equations. If it is desired to consider the effects of non-linearity in causing distortion 
in amplifiers and in producing detection or demodulation, it is necessary to adopt a 
different approach. 

The varying component of the plate current of a valve may be expressed in the 
form of a series expansion : 

i„ — a x e + a 2 e 2 + a 3 e 3 + ag* + . . . (41) 

This form may be derived* from eqn. (1), and it may be shown that 
v- 



a z = 



y?r v drg 

2{r v + R L ) 3 <h b 



6(r„ + R L Y 






(42) 
(43) 
(44) 



If fi is assumed to be constant (this is only approximately true for triodes and not 
for pentodes) 

e = e g + — 

where v v = instantaneous value of plate excitation voltage. (Normally for an amplifier 
Vj, — and e = e„). 

The value of dr v /de b may be determined by plotting a curve of r v versus e b for the 
given operating bias, and drawing a tangent at the point of operating plate voltage. 
The value of d^Jde,,- may be determined by plotting a curve of dr v versus de b and 
treating in a similar manner. 

The higher terms in the series expansion (41) diminish in value fairly rapidly, 
so that a reasonably high accuracy is obtained with three terms if the valve is being 
used as an amplifier under normal conditions with low distortion. 

♦Reich, H. J. " Theory and Applications of Electron Tubes " (2nd edit.). McGraw-Hill, New 
York and London, 1944), pp. 74-77. 
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The first term a x e = ne/(r p + Rj) is similar to eqn. (16) above, which was re- 
garded as approximately correct for small voltage inputs ; that is to say for negligible 
distortion. 

The first and second terms 

*'„ = a x e + a 2 e 2 

express the plate current of a " square law detector " which is closely approached 
by a triode operating as a grid or plate (" anode-bend ") detector with limited ex- 
citation voltage. 

The second and higher terms are associated with the production of components 
of alternating plate current having frequencies differing from that of the applied 
signal — i.e. harmonics and (if more than one signal frequency is applied) intermodula- 
tion frequencies. 

For example, with a single frequency input, 

e = E m sin cot (45) 

Therefore 

*» = E m * sin 2 cot = \E m * - $E m 2 cos 2 cot (46) 

and 

« s = £Em 8 sin cot - iE m 3 sin 3 cot. (47) 

The second term (<? 2 ) includes a d.c. component (£.E,» 2 ) and a second harmonic com- 
ponent. The third term includes a fundamental frequency component (iE„* sin cot) 
and a third harmonic component. 

If the input voltage contains two frequencies (J x and / 2 ) it may be shown that the 
second term of eqn. (41) produces 
a d.c. component 
a fundamental f x component 
a second harmonic of f x 
a fundamental / s component 
a second harmonic of / a 
a difference frequency component (f x — / 2 ) 
a sum frequency component (/i + / 2 ) 

The third term of equation (41) produces 
a fundamental f x component 
a third harmonic of / x 
a fundamental / 2 component 
a third harmonic of / 2 
a difference frequency component (2f t — / 2 ) 
a difference frequency component (2/ 2 — f x ) 
a sum frequency component (2f x +/») 
a sum frequency component (2/ 2 +/J 

In the case of an A-M mixer valve,/ 2 may be the signal frequency and/ x the oscillator 
frequency. The normal i-f output frequency is (/ x — /■)) while there are spurious 
output frequencies of (/i +/«), (2/i +/*), (2/, +/,), (2/ t -/O and (2/, -/,). 
Even though no oscillator harmonics are injected into the mixer, components with 
frequencies (2/, + / 2 ) and (2/i — / 2 ) are present in the output, thus demonstrating 
mixing at a harmonic of the oscillator frequency. 

If the input voltage contains more than two frequencies, or if the terms higher 
than the third are appreciable, there will be greater numbers of frequencies in the 
output. The effect of this on distortion is treated in Chapter 14. 

It may be shown that the effect of the load resistance, particularly when it is greater 
than the plate resistance, is to decrease the ratio of the harmonics and of the inter- 
modulation components to the fundamental. This confirms the graphical treatment 
in Chapter 12. 
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(v) Series expansion : general case 

The more general case of a series expansion for an impedance load and variable n 
has been developed by Llewellyn* and the most important results are given in most 
text books.f 

(vi) The equivalent plate circuit theorem 

It was shown above (eqn. 41) that the plate current may be expressed in the form 
of a series expansion. If the distortion is very low, as may be achieved with low input 
voltage and high load impedance, sufficient accuracy may be obtained by making 
use of only the first term in the equation, i.e. 

i, = -£j- (48) 

where e = e g (for amplifier use) 

and Z L — impedance of the plate load at the frequency of the applied voltage. 

For amplifier use this may be put into the form 

/, = — £%- • (49) 

This is the same as eqn. (16), except that R L has been replaced by Z L . 

This is the basis of the Equivalent Plate Circuit Theorem which states! "that 
the a.c. components of the currents and voltages in the plate (load) circuit 
of a valve may be determined from an equivalent plate circuit in one of two forms — 

(1) a fictitious constant-voltage generator ((iE a ) in series with the plate resistance 
of the valve, or 

(2) a fictitious constant-current generator (/ = gJE g ) in parallel with the plate 

J. W5lJ MUiVV V/* IUV * (U T w« 

These are applied in Sect. 7 of this chapter. 

If a distortionless Class A amplifier or its equivalent circuit is excited with an alter- 
nating grid voltage, the a.c. power in the load resistor R L (i.e. the output power) is 
T 2 R 

The d.c. input from the plate supply to the valve and load (in the actual case) is- 
Pbb = I bo Ebb> Under ideal Class Ax conditions the d.c. current I b0 remains con- 
stant, since the a.c. current is symmetrical and has no d.c. component. 

Now the a.c. power input from the generator is 

P„ = nEJ, (50) 

(r„ + Rj) 
Therefore fiE g = r v I„ + R L I P 

and P„ = iiE a I, = r v I v * + R L I, 2 . (51) 

In this equation 

P g = a.c. power input from generator 
r„/j, a = a.c. .power heating plate 
R L I V 2 = a.c. power output = P ae - 
The a.c. power P„ can only come from the d.c. power P„ dissipated in the valve, 
which decreases to the lower value P P when the grid is excited. 
The total plate dissipation (P v ) is therefore 

P» = P„ -P a + rj, 2 (52) 

where P v0 — d.c. plate dissipation. 
This may be put into the form 

L v = I p (ij Tplp ) 

= P P o-Pae (53) 

where P oe = R L I P 2 = {P„ - r P I v 2 ) = a.c. power output. 

♦Llewellyn, F. B. Bell System Technical Journal, 5 (1926) 433. 
tsuch as Reich, H. J. " Theory and Application of Electron Tubes," p. 75. 
ifor a completely general definition see Reich, H. J. (letter) " The equivalent piate circuit theorem," 
Proc. I.R.E. 33.2 (Feb., 1945) 136. 
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The statement may therefore be made, that the plate dissipation is equal to the d.c. 
plate dissipation minus the a.c. power output. 

A more general statement covering all types of valve amplifiers and oscillators is 
that the plate input power is equal to the plate dissipation plus the power output. 

This analysis, based on the equivalent plate circuit, reaches a conclusion in eqn. (46) 
which is identical with eqn. (33) derived from a direct mathematical approach. It is, 
however, helpful in clarifying the conditions of operation of a distortionless Class A t 
amplifier. 

The preceding treatment only applies to amplifiers (e = e„ in eqn. 41), but it 
may be extended to cover cases where the load impedance contains other e.m.f's, 
by using the principle of superposition — see Chapter 4 Sect. 7(viii). 

It is possible to adopt a somewhat similar procedure to develop the Equivalent 
Grid Circuit, or that for any other electrode in a multi-electrode valve. 



(vii) Dynamic load line — general case 

If the a.c. plate current is sinusoidal, 
i v = Ipm sin cot 
and e P = — I pm \Z L \ sin (cot + ff) 

where 9 = tan - X X L /R L . 

From this it is possible to derive* 

«,« + 2e v i v R L + i,*\Z L *\ = I, m 'X L * (54) 

which is the equation of an ellipse with its centre at the operating point, this being 
the dynamic path of operation. 

(viii) Valve networks ; general case 

The ordinary treatment of a valve and its circuit — the Equivalent Plate Circuit 
Theorem in particular — is a fairly satisfactory approximation for triodes or even 
pentodes up to frequencies at which transit-time effects become appreciable. If it 
is desired to calculate, to a higher degree of precision, the operation of a valve in a 
circuit, particularly at high frequencies, a very satisfactory approach is the preparation 
of an equivalent network which takes into account all the known characteristics. 
This method has been describedf in considerable detail, and those who are interested 
are referred to the original article. 

(ix) Valve coefficients as partial differentials 

Valve coefficients, as well as other allied characteristics, may be expressed as partial 

differential coefficients — see Chapter 6 Sect. 7(ii). 

dy 
Partial differential coefficients, designated in the form £■ are used in consider- 

ox 

ing the relationship between two of the variables in systems of three variables, when 

the third is held constant. 

ojy dy 

" ~ " is equivalent to " -f (z constant) " when there are three variables, x, y 
ox ax 

and z. Partial differentials are therefore particularly valuable in representing valve 

coefficients. 

Let e p — a.c. component of plate voltage, 

e g = a.c. component of grid voltage, 

and ip = a.c. component of plate current. 

(These may also be used with screen-grid or pentode valves provided that the screen 

voltage is maintained constant, and is completely by-passed for a.c). 

•Reich, H. J. " Theory and application of electron tubes " (2nd edit.), p. 99. 

fLlewellyn, F. B. and L. C. Peterson " Vacuum tube networks," Proc. I.R.E. 32.3 (March, 1944), 144. 
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de 



de 
Then fi = — =-? (t „ = constant), (55) 



or more completely + " 



= + — (ej, = constant). (56) 



de e 
de, 
di t 



de 
r v = + jr (e» = constant), (57) 

or more correctly* + 



div/de p 

In a corresponding manner the gain (A) and load resistance (Rj) of a resistance- 
loaded amplifier may be given in the form of total differentials — 

de % 



A\ = 



de. 



+ (58) 



and R L = - *± (59) 

d.i 

Particular care should be taken with the signs in all cases, since otherwise serious 
errors may be introduced in certain calculations. 

(x) Valve characteristics at low plate currents 

In the case of diodes and diode-connected triodes at very low plate currents (from 
1 to about 100 microamperes) an increment of plate voltage of about 0-21 volt pro- 
duces a 10-fold increase of plate current. If the log 10 of current is plotted against 
plate voltage, the result should approximate to a straight line with a slope of 1/0-21. 

In the case of triodes operating as triodes the relationship of plate current to grid- 
cathode voltage is still approximately logarithmic, up to a value of plate current which 
varies from type to type, but the slope of the curve is decreased by the plate-grid 
voltage. The decrease in slope is approximately proportional to the grid bias and 
therefore to 1/ y. times the plate voltage. The curve at a given plate voltage is, in 
general, steeper for a high-mu than for a low-mu triode. Oyer the region in which 
the logarithmic relationship holds, the mutual conductance is proportional to the 
plate current. For a given plate voltage and plate current, the g m in the low-current 
region is greater for high-mu than for low-mu triodes, regardless of ratings. Also, 
for a given triode at a given plate current, g m is greater than at lower plate voltages. 
Maximum voltage gain in a d-c amplifier is obtained if the valve is operated at as 
low a plate voltage as possible, and at a plate current corresponding to the top of the 
straight portion of the characteristic when log 10 of current is plotted against the grid 
voltage. 

With pentodes at low plate currents, the maximum gain is obtained when the screen 
voltage is as low as is permissible without resulting in the flow of positive grid current. 

Reference A12 pp. 414-418. 



•The simple inversion of partial differentials cannot always be justified. 

■\A is a complex quantity which represents not only the numerical value of the stage gain but also 
the phase angle between the input and output voltages. The vertical bars situated one on each side 
of A and its equivalent indicate that the numerical value only is being considered. 
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(i) Fundamental physical properties 

The characteristics and operation of a high vacuum oxide-coated cathode- or 
filament-type valve under normal conditions of operation, initially and throughout 
life, are determined primarily by the following fundamental general physical proper- 
ties - 

(a) the vacuum within the envelope surrounding the cathode and electrode struc- 
ture. 

(b) the total available cathode emission and uniformity of activation of the 
cathode surface. 

(c) the geometrical configuration of the electrode system. 

(d) the electrode contact potentials with respect to the cathode. 

(e) primary and secondary emission from electrodes, other than the cathode. 

(f) the interelectrode admittances. 

(g) the stability of the electrical characteristics. 

(h) the stability, robustness and durability of the mechanical construction. 
(j) the external size and shape, and the system of electrode connections. 

The maintenance of a satisfactory vacuum under maximum rating conditions and 
continued operation, together with the availability of an adequate cathode emission 
under all prescribed electrode conditions and normal variations of heater/filament 
power, are essential to the fundamental operation of a valve, since an activated cathode 
surface requires a certain degree of vacuum to be maintained for its emissive properties 
to remain unimpaired, while the emission available from the cathode must always be 
sufficient to supply the total peak and average space currents required. 

At the same time, it is necessary that the cathode surface be uniformly activated 
over the regions from which emission current is supplied, since the parameter trans- 
conductance is directly proportional to the activated cathode area. 

The electrode geometry determines the electrical static and dynamic character- 
istics, within the limitations imposed by the available cathode emission, to the extent 
to which the emission is incompletely space charge limited and the capacity of the 
gettering to maintain a satisfactory vacuum. 

Electrode contact potentials and electrode primary and secondary emission 

depend upon the electro-chemical condition of the electrode surfaces. This is deter- 
mined usually by the extent to which contamination of these surfaces has occurred 
during manufacture or operation, due to the deposition of active material from the 
cathode or getter. Contact potential is of importance in the case of a low- or zero- 
voltage electrode since it may contribute a sufficiently large fraction of the total 
electrode voltage to modify significantly the characteristics determined by the electrode 
geometry and applied electrode voltages alone. 

Primary and secondary electrode emission may occur if electrode temperatures 
become sufficiently high and the deposited films of active material in combination 
with the electrode material have a low work function. The effect on operation of 
primary or secondary electrode emission depends on the value of resistance in series 
with the emitting electrode. 

The interelectrode short-circuit admittances are determined both by the 
geometry of the electrode construction, the d.c. and r-f properties of the insulation 
supporting the electrode system and electrode connections, and the frequency and 
conditions of operation. The susceptive components are dependent mainly on the 
interelectrode and lead capacitances and inductances. The conductive components 
are due to transit-time effects and the interelectrode resistances which are determined 
mainly by the d.c. resistance of the interelectrode insulation, but may also include a 
frequency-dependent component. The d.c. insulation resistance is determined by 
the surface condition of the electrode supports (mica, glass, ceramic), the extent to 
which contamination of these surfaces has occurred, and also by leakage between 
electrode leads within the base or between base pins due to leakage over or through 
the base material. A high value of interelectrode resistance is required throughout 
the life of a valve in order to avoid — 
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(1) uncontrolled changes in electrode voltages supplied through series resistive 
circuits from the electrode voltage sourcej due to the flow of leakage conduction currents 
through or across the interelectrode insulation from higher to lower voltage electrodes 
and thence through the externally connected circuits to the negative terminal of the 
electrode voltage supply. This characteristic is particularly important, e.g., in the case 
of negatively biased control grids which obtain their bias through a high value of grid 
resistor, and power dissipating electrodes which obtain their voltages through high 
resistance series dropping resistors. 

(2) noisy operation due to intermittent conduction under the conditions described 
in(l). 

(3) lowering the resistive component of the interelectrode admittances and thus 
increasing the damping by the valve on resonant circuits connected between electrodes, 
either directly or as a result of increased " Miller Effect ". 

The interelectrode r-f resistance must also be high throughout the life of the 
valve up to all normal frequencies of operation, in order to avoid damping high 
impedance resonant circuits connected between electrodes. In general, it is determined 
by the r-f properties of— 

(a) the interelectrode insulation, 

(b) films of active material deposited on the interelectrode insulation, 

(c) the base material. 

The stability of the electrical characteristics depends on the goodness of the 
vacuum and its maintenance, stable emission from a properly and uniformly activated 
cathode surface, stable electro-chemical surface conditions, high interelectrode 
resistance, and the mechanical stability of the electrode structure. Variations of any 
of these characteristics throughout life produce changes in the valve parameters and, 
through them, changes in circuit performance. 

Two types of instability of electrical characteristics occur ; initial instability which 
is sometimes experienced early in life due to incomplete or unsatisfactory processing, 
and the normal gradual deterioration of characteristics dependent on emission, which 
continues until the valve is no longer serviceable. Generally, the ultimate electrical 
life of a valve which has been properly exhausted, which has a properly activated 
cathode and which has been operated within its maximum ratings, depends mainly on 
the cathode current at which it has been operated and the ability of the getter to prevent 
deterioration of the vacuum and consequent " poisoning " of the cathode emission, 
by absorbing the gases produced in the cathode coating during operation, and also 
the gases released from the electrodes, the walls of the envelope and other parts of the 
internal construction during storage, and throughout life. 

The stability, robustness and durability of the mechanical construction in 
general determine the ultimate reliability and effective life of a valve, also the extent to 
which electrical performance is affected by conditions of vibration or mechanical shock 
under which it may be transported or operated and the ability of the construction to 
withstand such conditions without mechanical failure. 

(ii) Basic functional characteristics 

Space current — When the cathode surface is raised to its normal emitting tempera- 
ture, by supplying the required power to the filament or heater, and suitable voltages 
are applied to the other electrodes, an electron space current flows from the cathode 
emitting surface to the electrode system, its value depending on the electrode geometry 
and the combined effect of the electrode voltages acting in the plane(s) of the control 
electrode(s). 

For electrode systems consisting of an inner control electrode adjacent to the cathode 
and one or more outer electrodes, providing that a virtual cathode is not formed between 
the control electrode and the outermost electrode, the total space current from the 
cathode may be expressed, generally, to a good approximation by the following 
equation — 

»/■ 



(e c] + *i) -\ ■ H 1- . . . H 

f-1- 2 /*1- 3 V-\- 6 



(1) 
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where t, = total cathode space current, 
e cl = voltage of the first electrode, 
c x == contact potential of the first electrode, 

etc. = voltages of the successive outer electrodes, 

e 6 = voltage of the outer plate current collecting electrode, 
fti-2 = amplification factor of the first electrode with respect to the second 

electrode, 
/*!_ s = amplification factor of the first electrode with respect to the third electrode, 
/*!_ j = amplification factor of the first electrode with respect to the outermost 
electrode, 
and G = perveance of the cathode-control-electrode region 

in -6 cathode area 

(cathode-to-first-electrode spacing) 2 
In eqn. (1), the terms within the brackets represent the effect of the various electrode 
voltages considered as acting in the plane of the first electrode, so that the sum of the 
terms combined represents an " equivalent electrode voltage ". For purposes of space 
current calculation, the factors depending on the geometry of the electrode system 
and on the effect of the electrode voltages may thus be reduced to the perveance of the 
cathode-to-first-electrode space and the equivalent electrode voltage acting in the plane 
of the first electrode, so that the space current equation becomes — 

igfmG [equivalent electrode voltage] 3,a (2) 

The equations for the total cathode current in diodes, triodes, tetrodes and pentodes 
follow directly from eqn. (1). 

In the case of electrode systems having two control electrodes and which operate with 
a virtual cathode before the second control electrode, as in converter and mixer 
valves, the space current cannot be expressed in a simple form. Such systems may 
be regarded as consisting of two separate but related systems, and reduced to equiva- 
lent diodes, with the space current of the outer equivalent diode supplied from, and 
controlled by, the space current of the equivalent diode adjacent to the cathode. 

Generally, it can be stated that whatever the electrode system, the total space 
current from the cathode depends primarily upon the total activated cathode surface 
area, the total available emission, the cathode temperature, the extent of temperature 
and space charge limiting of emission, the geometry of the electrode system and the 
electrode voltages. 

The distribution of the space current to the various electrodes depends only 
upon electrode geometry, space charge effects and the electrode voltages and, in general, 
cannot be expressed in a simple form. 

In addition to the electron space current from the cathode, there are always some 
positive ions present due initially to the presence of the infinitesimal traces of residual 
gases remaining after the exhausting and gettering processes and, during life, to the 
release of absorbed gases from the surfaces of the electrode structure and envelope 
walls, and the gases produced as a result of physical-chemical changes occurring in the 
cathode coating during the emission processes. The positive ions, so produced, 
flow to the negative voltage electrodes and are prevented from bombarding the cathode 
surface during operation, when space current is flowing, by collision effects and the 
presence of the space charge surrounding the cathode. 

A primary or secondary electron emission current may also flow from the surface of an 
electrode and represents a negative electrode current. Small positive or negative 
leakage conduction currents, due to conducting or semi-conducting leakage paths 
over or through the interelectrode insulation, may also contribute to the electrode 
currents ; their values depend on the voltages of the electrodes concerned, and the 
conducting properties of the coniaminated surfaces or insulating material, and often 
on their temperature. When the effects above are present, the total current of an 
electrode is the algebraic sum of the positive and negative components. 

Static Characteristics — The various electrical characteristics, which result from 
the electrode geometry and the application of steady direct voltages only to the 
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electrodes, with the cathode emitting, are termed " static characteristics ". These 
characteristics consist of — 

(a) the voltage-current relationship for each electrode, when constant voltages are 
applied to all remaining electrodes. 

e.g., Diode, — I b — E b , 
Triode, — J b — E b , E cl constant 

I d — E cU E b constant 

and similarly in the case of other types. 

(b) the mutual voltage-current relationships between electrodes, when constant 
voltages are applied to all electrodes except the voltage-varying electrode, 
e.g., Triode, — I b —E el E b constant 

Pentode, — I b — E cl E b) E ca , E c2 constant 

I cs — E el E b , E cS , E c2 constant 

I c2 — E cl E b , E c3 , E e2 constant 

and similarly in the case of other types. 

Derived Characteristic Parameters — By considering infinitesimal changes of 

voltage and current of the static characteristics, described under (a) and (b) above, the 

characteristic parameters — amplification factor, transconductance and variational plate 

resistance are obtained, which are related as follows, 

_ , Amplification Factor 

Transconductance = — —. — : 

Plate Resistance 

These characteristic parameters are derived by the following relations — 

fir 

transconductance = ^75— I E b} E cas E c2 constant (3) 

amplification factor = i E c3j E ei constant (4) 

BE 
plate resistance =~ I E cs> E c2 , E cl constant (5) 

°h 
The amplification factor is a function of the electrode geometry only, but becomes also 
dependent on the control grid voltage as the cut-off condition is approached. The 
transconductance, as defined by eqn. (3) may be derived from the general space current 
eqn. (1), and is a function of the electrode geometry, the total cathode space current 
and uniformity of activation of the cathode surface. 

The characteristic parameters normally used to describe the electrode geometry, 
and in terms of which performance is interpreted, are — the amplification factor, 
transconductance of the control grid with respect to the plate and the (a.c.) plate to 
cathode resistance. 

Dynamic Characteristics — By superimposing alternating voltages on the direct 
voltage(s) of the control electrode(s), with suitable impedances in series with the 
output electrode(s), dynamic characteristics are obtained which depend directly on 
the static characteristics and characteristic parameters. These dynamic characteristics 
include rectification, frequency conversion, voltage and power gain, oscillation, and 
impedance transformation characteristics. 

The static characteristics, characteristic parameters and the fundamental properties 
previously described comprise the basic mechanical and electrical characteristics, 
which determine the serviceability and application of a valve and its performance under 
given conditions. 

In order to appreciate the significance and limitations of the various tests, which 
normally are applied to determine the condition of a valve and the probability that it 
will continue to operate satisfactorily, the performances and individual tests must be 
properly interpreted in terms of aU the relevant characteristics and corresponding 
fundamental physical properties. The manner and extent of the dependence and inter- 
dependence of the various characteristics and fundamental physical properties must also 
be recognized and understood. 
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The important basic functional characteristics, together with the funda- 
mental physical properties on which they depend, are "shown in the following 
tabulation : 



GENERAL PHYSICAL 
PROPERTIES 
1. Mechanical 

Size, shape and material of external con- 
struction 



System of electrode connections 
Stability, robustness and durability of 
mechanical construction 



2. Electrical 

Interelectrode resistance 



Vacuum 
Cathode emission 

Uniformity of cathode activation 



Electrode geometry 



Electrode contact potentials 
Primary and secondary emission 
Stability of electrical characteristics 



} 



RELATED FUNCTIONAL 
CHARACTERISTICS 

Physical dimensions 

Type of envelope 

Type of base 

Type of top cap 

Base pin and top cap connections 

Ruggedness of envelope, basing and 

internal electrode structure 
Microphony 
Noise 

D.C. interelectrode insulation resistance 

R-F interelectrode insulation resistance 

Noise 

Gas pressure within the envelope* 

Total available peak cathode current* 

Total available average cathode current* 

Transconduetance or dynamic perform- 
ance characteristic at reduced heater/ 
filament voltage* 

Electrode currents* 

Interelectrode transconductances* 

Interelectrode mu factors* 

Interelectrode variational resistances* 

Interelectrode capacitances 

Modify characteristics dependent upon 
electrode geometry (see above) 

Affect all electrical characteristics. 



(iii) Fundamental characteristic tests 

The characteristic tests which are of fundamental importance in specifying the 
performance and determining the condition, acceptability and usability of an oxide- 
coated cathode- or filament-type valve, are as follows : 

(a) Tests common to all valve types 

Visual inspection of internal and external construction, and finish. 

Maximum overall length. 

Maximum diameter. 

Interelectrode short-circuits. 

Electrode continuity (open-circuits). 

Interelectrode insulation resistance (d.c.).* 

Heater/filament power.* 

Heater/cathode leakage.* 

Emission or emission-dependent dynamic test.* 

Interelectrode capacitances.* 

(b) Tests common to all types except diodes* 

Reverse grid current (gas, leakage, grid emission). 

{Control grid current commencement potential, or 
Positive control grid current. 
Electrode currents (d.c). 
Electrode current (d.c.) cut-off. 



♦Under specified operating conditions. 
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Transconductance (see Ref. 47). 
Amplification factor. 
Plate resistance. 
Noise (a-f and/or r-f). 
Microphony. 

(c) Tests common to diodes only* 

Signal diodes Plate current commencement or zero 

signal plate current. 
Power diodes Back emission. 

(d) Dynamic performance tests 11 ' 

Signal diodes Rectification (operation) 

Power diodes Rectification (operation) 

A-F amplifiers A.C. amplification 

R-F and I-F amplifiers Stage gain. 

Converters Conversion stage gain or conversion 

transconductance 
and 
Oscillator transconductance or oscillator 

grid current. 
Power output types Power output. 

(e) Dynamic performance tests at reduced heater/filament voltage* 

Dynamic performance tests are also performed at reduced filament/heater voltages 
during manufacture 3 in order to control initial characteristics and performance, and 
also to provide a manufacturing process control of the uniformity of activation of the 
emitting surface. In some cases, with the reduction of filament/cathode temperature, 
changes occur in contact potential and/or reverse grid current, which make the 
normal-voltage tests ineffective or unsatisfactory as a control of activation, depending 
on the conditions of operation. In such cases a transconductance test is normally used 
instead. 

Notwithstanding the control exercised by such tests over initial characteristics and 
performance, it is a very difficult manufacturing problem to avoid the wide variations 
and deterioration of characteristics which often occur under conditions of reduced 
filament/heater operation throughout life although the characteristics at normal fila- 
ment/heater voltage may be satisfactory. For this reason, and also as performance 
may be critically dependent on circuit design and electrode supply voltages, particu- 
larly the operation of the oscillator circuits of a converter valve and the power output 
and distortion of a power output valve, it is not in general normal practice for valve 
specifications to specify any minimum requirements for characteristics or performance 
at reduced filament/heater voltage during life. Reasonable performance at reduced 
filament/heater and electrode voltage conditions is achieved by most manufacturers, 
however, as a result of the pressure of competition combined with the user's demand 
for acceptable performance under slump voltage conditions. 

Under American practice the reduced heater/filament voltages at which specified 
dynamic performance tests are normally performed during manufacture are as follows : 
0.625 volt types 0.55 volt 

1.25 volt types 1.1 volts 

1.4 volt types 1.1 volts 

2 volt types 1.6 or 1.7 volts 

2.5 volt types 2.2 volts 
6.3 volt types 5.5 volts 
7.5 volt types 6.0 volts 

12.6 volt types 11.0 volts 

19 volt types 16.5 volts 

25 volt types 22 volts 

26.5 volt types 23.5 volts 

♦Under specified operating conditions. 
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32 volt types 28.5 volts 

35 volt types 31.0 volts 

45 volt types 40 volts 

50 volt types 44 volts 

117 volt types 100 volts 

(iv) Valve ratings and their limiting effect on operation 

(A) Limiting ratings 

In order to assist the designer to obtain the maximum service from a given valve 
type, within the limits of safe operation, in the various applications in which it may be 
used, the limiting conditions under which the type can be operated without impairing 
its performance and normal life are usually specified by the valve manufacturer in the 
form of maximum (or minimum) ratings for relevant basic characteristics which may 
only be exceeded at the user's risk. These ratings, unless otherwise stated, apply 
to valves having bogie values of characteristics. It is therefore the responsibility of 
the equipment designer to see that a bogie valve will not exceed any of its ratings. 

Maximum ratings are established on the basis of life tests and operating performance. 
It is a matter of experience that when one or more ratings are exceeded for any 
appreciable time, depending on the period and the extent of the overload, the particular 
rating exceeded and the capability of the type to withstand such overload, the service- 
ability of the particular valve may be impaired, its life may be shortened or its per- 
formance may be unsatisfactory. 

Maximum ratings usually are specified only for those characteristics which normally 
determine the limits of safe operation in the intended applications for which a particu- 
lar type has been designed. Generally, the limits of safe operation for any application 
may be prescribed completely by specifying the maximum ratings for the electrode 
voltages, peak inverse voltage in the case of rectifiers, electrode dissipations and the 
maximum peak and average total cathode current. 

In the case of high transconductance and power output types it is necessary, in 
addition, to limit the maximum value of resistance which may be used between the 
negative control grid and cathode, in order to avoid either excessive variation of circuit 
performance, excessive space current or excessive electrode dissipations due to reverse 
grid current. Maximum ratings, in general, can only be determined satisfactorily by 
extensive life tests. 

(B) Characteristics usually rated 

The characteristics of individual types for which ratings are required to specify 
performance are as follows : 

(a) General mechanical ratings (common to all types) 

Maximum overall length. 

Maximum seated height. 

Maximum diameter. 

Dimensions and locations of top caps, bases and base pins. 

Materials and design of external construction. 

(b) General electrical ratings common to all types 

Nature of rating 

Heater/filament voltage (a.c. or d.c.) nominal 

Heater/ filament current (a.c. or d.c.) nominal 

Heater to cathode voltage (d.c.) maximum 

Control grid circuit resistance maximum 

Interelectrode capacitances — 
control grid to plate capacitance maximum 

all other capacitances (single unit) nominal 

capacitances between electrodes of multiple units nominal or 

maximum 
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(c) Specific additional electrical ratings applied to particular types 



Type 



Diodes 



Triodes 



Application 



Detector 



Power Rectifier 



Voltage amplifier 



Power amplifier 



Pentodes 



Voltage amplifier 



Power amplifier 



Converters Frequency converter 



Fundamental rating Nature of 
rating 

Average (d.c.) plate current per Maximum 

plate 

Peak plate current per plate Maximum 

Peak inverse plate voltage Maximum 

Average (d.c.) plate current per Maximum 

plate 

Peak plate current per plate Maximum 

Plate Voltage Maximum 

Plate dissipation Maximum 

Grid voltage — negative Maximum 

positive Maximum 

Cathode current (d.c.) Maximum 

Plate voltage Maximum 

Plate dissipation Maximum 

Grid voltage — negative Maximum 

positive Maximum 

Grid dissipation** Maximum 

Cathode current (d.c.) Maximum 

Cathode current (peak)* Maximum 

Plate voltage Maximum 

Screen voltage Maximum 

Screen supply voltage Maximum 

Grid voltage — negative Maximum 

positive Maximum 

Plate dissipation Maximum 

Screen dissipation Maximum 

Cathode current (d.c.) Maximum 

Plate voltage Maximum 

Screen voltage Maximum 

Grid voltage — negative Maximum 

positive Maximum 

Plate dissipation Maximum 

Screen dissipation Maximum 

Grid dissipation** Maximum 

Cathode current (d.c.) Maximum 

Cathode current (peak)* Maximum 

Mixer plate voltage Maximum 

Mixer screen voltage Maximum 
Mixer screen supply voltage Maximum 

Oscillator plate voltage Maximum 
Oscillator plate supply voltage Maximum 
Mixer signal grid voltage — 

positive Maximum 

negative Maximum 

Mixer plate dissipation Maximum 

Mixer screen dissipation Maximum 

Oscillator plate dissipation Maximum 
Cathode current (d.c.)t — 

mixer Maximum 

oscillator Maximum 



'Power amplifier types only, for other than Class A operation. 
•♦For operation in the positive grid current region. 

tin converters of the 6SA7, 6BE6 class having no separate oscillator positive electrode, the total cathode 
current is the fundamental rating. 
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Notwithstanding the ratings shown against each type, the actual ratings of an indi- 
vidual type depend entirely on its intended applications and may not include all those 
listed. The absence of a rating for a particular characteristic may be taken to indicate 
either that it has not previously been necessary to specify a rating for this characteristic, 
or that the type in question was not intended originally for this application and has not 
been processed accordingly. In the latter case, operation may not be satisfactory, and 
reference should be made to the valve manufacturer for specific information. 

(C) Rating systems 

Valves are rated by either of two systems — the " absolute maximum " system, or the 
" design-centre maximum " system. The absolute maximum system originated in the 
early days of valve development and was based on the voltage characteristics of battery 
supplies . Battery voltages could fall below their nominal values but seldom appreciably 
exceeded them, so that valve maximum ratings set on the basis of specified battery 
voltages were absolute maximum ratings. This system is still widely used by British 
and European valve manufacturers and is the system of ratings used in the British 
Services' Electronic Valve Specification K1001 and the U.S.A. Services' Specification 
for Electron Tubes, JAN-1A (Ref. S2). With the introduction of power line and 
car-radio operated receivers and the tendency of many designers to interpret absolute 
maximum ratings as nominal values, it became necessary to re-rate valves according to 
a system in which allowance was made in the ratings for the variations which occur 
under both conditions of operation. Accordingly, the design-centre system was 
adopted in U.S.A. by the Radio Manufacturers Association in 1939 for the rating of 
receiving valves and since then has become the standard system for rating most 
receiver types of American design, manufactured both in U.S.A. and elsewhere. 

With either system, each maximum rating for a given valve type must be considered 
in relation to all other maximum ratings for that type, so that no one maximum rating 
will be exceeded in utilizing any other maximum rating. 

Thus it will often happen that one rating alone will determine the limiting operating 
conditions while other characteristics are below their maximum ratings. 

(D) Interpretation of maximum ratings 

In the absolute maximum or " absolute " system (except for filament or heater 
voltage) the maximum ratings are limiting values above which the serviceability of the 
valve may be impaired from the viewpoint of life and satisfactory performance. 
Therefore, in order not to exceed these absolute ratings, the equipment designer 
has the responsibility of determining an average design value for each rating below 
the absolute value of that rating by an amount such that the absolute values will 
never be exceeded under any usual condition of supply-voltage variation, load varia- 
tion, or manufacturing variation in the equipment itself. 

The equipment should be designed to operate the filament or heater of each valve 
type at rated normal value for full-load operating conditions under average voltage- 
supply conditions. Variations from this normal value due to voltage-supply fluctuation 
or other causes, should not exceed ± 5 per cent, unless otherwise specified by the 
valve manufacturer. 

Under the " British Standard Code of Practice " B.S.1106, 1943 (Ref. 49) and the 
British Radio Valve Manufacturers' Association's publication " Radio Valve Practice," 
August, 1948 (Ref. 48), recommended British practice is that in general it is not 
permissible that the heater voltage should vary more than 7 per cent, from the rated 
value. 

It is a matter of experience, however, that the heaters and filaments of most modern 
receiving valve oxide-coated cathode and filament types may be operated at voltages 
whose maximum fluctuations do not exceed ±10 per cent, from their rated values, 
without serious effect on life or marked reduction in performance, provided that the 
maximum ratings of the other electrodes are not exceeded. In cases where the 
heater or filament voltage variations exceed, or are likely to exceed, ± 10 per cent., the 
maximum ratings should be reduced and recommendations obtained from the valve 
manufacturer as to the maximum ratings permissible under the particular conditions. 

In the design-centre maximum or " design-centre " system, the maximum 
ratings are working design-centre maxima. The basic purpose underlying this system 
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is to provide satisfactory average performance in the greatest number of equipments 
on the assumption that they will not be adjusted to local power-supply conditions at 
the time of installation. Under the design-centre system, ratings are based on the 
normal voltage variations which are representative of those experienced with the three 
important types of power supply commonly in use, namely a.c. and d.c. power lines, 
storage battery with connected charger, and dry batteries, so that satisfactory per- 
formance from valves so rated will ordinarily be obtained in equipment which is so 
designed that the design-centre maximum ratings are not exceeded at the supply 
design-centre voltage. 

The following interpretation of receiving valve design-centre ratings is based partly 
on R.M.A. (U.S.A.) Standard M8-210 entitled " Tube Ratings " (Ref. Sll), and partly 
on established design practice recommended by valve manufacturers. 

1. Cathode 

The heater or filament voltage is rated as a normal value, unless otherwise stated, so 
that transformers or resistances in the heater or filament circuit should be designed to 
operate the heater or filament at the rated value at the supply design-centre voltages, 
indicated hereunder. "Where the permissible heater or filament voltage variations are 
exceeded, or are liable to be exceeded, maximum ratings should be reduced in accord- 
ance with recommendations obtained from the valve manufacturer. 

2. Indirectly-heated and a.c. filament types 

(2.1) A.C. or d.c. power line operation — Maximum ratings have been chosen 
so tbat valves will give satisfactory performance at these maximum ratings in equipment 
operated from power line supplies, the normal voltage of which, including normal 
variations, fall within ± 10 per cent, of a specified value. Heaters or filaments as 
well as positive and negative voltage electrodes, unless otherwise specified, may there- 
fore be operated at voltages up to ± 10 per cent, from their rated values, provided that 
at the specified line design-centre voltage the heater or filament is operated at its rated 
voltage and the maximum ratings of plate voltages, screen-supply voltages, electrode 
dissipations, total cathode current and rectifier output currents are not exceeded. 

The prescribed power line voltage variation of ± 10 per cent, is based on surveys 
made in the U.S A., which have shown that the line voltages delivered fall within 10 
per cent, of 1 17 volts, which is taken as the fine design-centre voltage in that country. 
In using design-centre ratings with other power line systems elsewhere, it is usually 
satisfactory to regard ± 10 per cent, as being representative of the line voltage variation 
likely to be experienced under normal conditions, so that it is then only necessary to 
determine the line design-centre voltage. In extreme cases, where power line varia- 
tions exceed ±10 per cent., as for example when operation is in remote areas supplied 
by long lines subject to variable and heavy peak loading, adjustment to the equipment 
should be made locally. 

(2.2) Storage battery operation — When storage battery equipment is operated 
without a charger, it should be designed so that the heaters or filaments are operated 
at their normal rated values and published maximum values of plate voltages, screen- 
supply voltages, electrode dissipations, total cathode currents and rectifier output 
currents are never exceeded for a terminal voltage at the battery source of 2.0 volts per 
cell. When storage battery equipment is operated with a charger or similar supplies, 
the normal battery fluctuation may be as much as 35 per cent, or more, which imposes 
severe operating conditions on valves. Under these conditions, the equipment should 
be designed so that the effect of high heater or filament voltages on valve life and per- 
formance (due mainly to excessive reverse grid current) is reduced to a minimum, and 
so that 90 per cent, of the above maximum ratings is never exceeded for a terminal 
voltage at die battery source of 2.2 volts. In both classes of operation, progressively 
reduced and unreliable performance is to be expected as the heater or filament voltage 
falls below 90 per cent, of its rated value and approaches the " slump " value specified 
for the reduced performance tests of the valve test specification. 

(2.3) " B " battery operation — The design-centre voltage for " B " batteries 
supplying positive voltage electrodes is the normal voltage rating of the battery block, 
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such as 45 volts, 90 volts, etc. Equipment should be designed so that under no 
condition of battery voltage will the plate voltages, screen-supply voltages, electrode 
dissipations, or total cathode currents ever exceed the recommended respective maxi- 
mum values specified for each valve type by more than 10 per cent. 

(3) 2.0 Volt battery filament types 

(3.1) Filament — The 2.0 volt battery filament types are designed to be operated 
with 2.0 volts across the filament. In all cases the operating voltage range should be 
maintained within ± 10 per cent, of the rated filament voltage, i.e., within the limits 
of 1.8 to 2.2 volts. 

(3.2) Positive and negative electrodes — The electrode voltage supplies may be 
obtained from dry-cell batteries, storage batteries or from a power line and should be 
chosen so that the maximum ratings of plate voltages, screen-supply voltages, electrode 
dissipations and total cathode current are not exceeded at the supply design-centre 
voltages specified under 2.3, 2.2 and 2.1. 

(4) 1.4 volt battery valve types 

(4.1) Filament — The filament power supply may be obtained from dry-cell 
batteries, from storage batteries, or from a power line. 

(4.11) Dry-cell battery supply — The filament may be connected either directly 
across a battery rated at a terminal potential of 1.5 volts, or in series with the filaments 
of similar valves across a power supply consisting of dry cells in series. In either case, 
the voltage across each 1 .4 volt section of filament should not exceed 1 .6 volts. In order 
to meet the recommended conditions for operating filaments in series it may be neces- 
sary to use shunting resistors across the individual 1.4 volt sections of filament. 

(4.12) Storage battery supply — The filament may be operated either singly or in 
series with the filaments of similar valves. For such operation in either case, design 
adjustments should be made so that, with valves of rated characteristics, operating 
with all electrode voltages applied on a normal storage-battery voltage of 2.0 volts per 
cell (without a charger) or 2.2 volts per cell (with a charger), the voltage drop across 
each 1.4 volt section of filament will be maintained within a range of 1.25 to 1.4 volts 
with a nominal centre of 1.3 volts. In order to meet the recommended conditions for 
operating filaments in series it may be necessary to use shunting resistors across the 
individual 1.4 volt sections of filament. 

(4.13) Power line supply — The filament may be operated either singly or in series 
with the filaments of similar valves. For such operation, in either case, design adjust- 
ments should be made so that, with valves having rated characteristics operating with 
all electrode voltages applied and on a line voltage equal to the design-centre voltage, 
the voltage drop across each 1.4 volt section of filament will be maintained within a 
range of 1.25 to 1.4 volts with a nominal centre of 1.3 volts. In order to meet the 
recommended conditions for operating filaments in series, it may be necessary to use 
shunting resistors across the individual 1.4 volt sections of filament. 

(4.2) Positive and negative voltage electrodes— The electrode voltage supplies 
may be obtained from dry-cell batteries, storage batteries, or from a power line. 
For such operation the electrode voltages should be chosen so that the maximum ratings 
of plate voltages, screen-supply voltages, electrode dissipations and total cathode 
currents are not exceeded at the supply design-voltages specified under 2.3, 2.2 and 2.1 
respectively. 

(5) General (all types) 

(5.1) Screen voltage supply — When the screen voltage is supplied through a 
screen-dropping resistor, the maximum screen voltage rating may be exceeded 
provided : 

(a) The screen supply voltage does not exceed the maximum plate voltage rating. 

(b) At any signal condition, the average screen dissipation does not exceed the 
maximum rating. 

(c) At the signal condition which results in maximum screen current, the screen 
voltage does not exceed the maximum rating. 

(5.2) Grid voltage limits — Where a grid voltage is specified as " positive bias 
value maximum " or " never positive ", this indicates that grid dissipation is not 
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permitted. In such cases it may be inferred that the grid has not been suitably treated 

to permit dissipation. 

(E) Operating conditions 

Typical operation — In addition to maximum ratings, information is published 
on typical operating conditions for most of the various types, when used in particular 
applications. These typical operating conditions are intended to provide guiding infor- 
mation for the use of each type. They must not be considered as ratings, because each 
type can, in general, be used under any suitable conditions within its rating limitations. 

Datum point for electrode potentials — In published data, it is standard practice 
for the values of grid bias and positive-potential-electrode voltages to be given with 
reference to a specified datum point, as follows : — For types having filaments heated 
with direct current, the negative filament terminal is taken as the datum point to which 
other electrode voltages are referred. For types having filaments heated with alter- 
nating current, the mid-point (i.e., the centre tap on the filament transformer secondary, 
or the mid-point on a resistor shunting the filament) is taken as the datum point. For 
types having equi-potential cathodes (indirectly heated) the cathode is taken as the 
datum point. 

Grid bias for a.c. or d.c. filament excitation — If the filament of any type whose 
data are given for a d.c. filament voltage is to be operated from an a.c. supply, the grid 
bias given for d.c. filament operation should be increased by an amount approximately 
equal to one half the rated filament voltage and be referred to the filament mid-point. 
Conversely, if it is required to use d.c. filament excitation on any filament type whose 
data are given for an a.c. filament voltage, the value of grid bias given should be de- 
creased by an amount approximately equal to one-half the rated filament voltage, and be 
referred to the negative filament terminal, instead of the mid-point as in a.c. operation. 
This rule is only approximate and does not, in general, provide identical currents for 
both types of filament excitation, 
(v) Recommended practice and operation 

The following additional limitations on valve practice and operation are based partly 
on the recommendations of the British Standard Code of Practice (Ref. 49) also on the 
B.V.A. Radio Valve Practice (Ref. 48), and on established design practice. 

(a) Mounting — (1) Unless otherwise stated it is desirable that valves should be 
mounted base down and in a vertical position. Where it is necessary to depart 
from vertical mounting, the plane of the filament of directly heated valves should be 
vertical. Similarly, the plane of the grid side rods (or major axis of the control grid) 
of indirectly heated valves having a high transconductance and/or a long unsupported 
cathode, should be vertical. This reduces the possibility of filament- and cathode-to- 
grid short circuits and microphony in filament valves. 

It is particularly undesirable that valves having high plate dissipation ratings should 
be mounted base upwards without agreement from the valve manufacturer, as this 
method of mounting seriously affects the flow of air around the bulb and may result 
in the limiting temperature being exceeded. 

Depending on the distribution of the bulb temperature, gas may be released from 
the getter deposit under these conditions and the vacuum and emission affected. 

(2) It is particularly important that the connections to floating contacts of sockets 
for glass based valves should be as flexible as possible and that the contacts themselves 
should float properly and not become rigidly locked in position. The use of a wiring 
jig, having the nominal specified dimensions for the base type, inserted in the valve 
socket during wiring, is desirable in order to locate the socket contacts correcdy, so 
that strain on the base pin seals is minimized when the valve is inserted. Prior to 
insertion, the base pins of miniature valves should be straightened by means of a 
pin-straightener, if misaligned. The pin-straightener may consist simply of a steel 
block drilled with countersunk holes of the correct diameter and location, to slightly 
larger tolerances than those specified for the pins of the base type. For specific 
information and design, reference snould be made to the valve manufacturer. 

(3) It is undesirable to use socket contacts as connecting tags in circuit wiring because 
of circumstances which may arise if the valve is subsequently replaced by another 
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having different or additional pin connections. In particular, contact No. 1 of octal 
sockets should not be used in this connection, as frequently internal base shielding is 
brought out to pin No. 1 of octal-based valves, which should be connected to chassis. 
Furthermore, in glass-based valves the above-mentioned practice may adversely 
affect the valve characteristics by the application of a voltage to pins which are not 
connected to any valve element, but which project into the envelope. 

(4) Valves with rigid pins in glass bases and valves without bases which have short 
rigid lead-out wires are normally intended to be mounted in sockets, and it is recom- 
mended that such valves should not be soldered directly into the wiring, as such con- 
nections can impose sufficient strain to endanger the seals. 

(5) If valves are to be subjected to continuous vibration, means should be employed 
to damp out such vibration by the use of cushioned valve socket mountings. 

(b) Ventilation 

(1) The layout and design of equipment should afford sufficient ventilation to ensure 
a safe bulb temperature under all conditions. As a general guide, the maximum 
temperature of the hottest part of the bulb under operating conditions in the equipment 
should not exceed by more than 20°C. that temperature which would be attained if 
the valve were operated at its maximum ratings under conditions of free air circulation 
in an ambient temperature of 20 °C. Where exceptional increases of temperature may 
occur (e.g., when valves are used in screening cans or in equipment working in tropical 
conditions) the valve manufacturer should be consulted on each type concerned. 

The present trend in valve design is to reduce dimensions with the object of saving 
space and of improving efficiency at high frequencies, and the extent to which the 
reduction can be made is usually limited by the amount of heat which can be dissipated 
from the exterior surface of the bulb. 

For valves of present day sizes operating at normal temperatures, about half the 
heat is dissipated by convection and half by radiation. It is therefore necessary to allow 
free convection of reasonably cool air past the bulb and free radiation from the surface 
of the bulb to cooler surroundings. 

The increase in the temperature of air in convective cooling is very small and it is 
therefore more important that the flow of air should be copious and unimpeded than 
that it should be particularly cold. No great risk is incurred if the air is slightly warmed 
by passing near other components if this allows it to flow through a less obstructed path. 

In order to improve radiation from a valve, surrounding surfaces should not be 
polished but should be kept as cool as possible. The temperature of a valve surrounded 
by a plated shield can, or by components at about its own temperature, may rise 
seriously. 

(2) When valves are mounted in other than upright vertical positions, greater care 
should be taken to ensure that adequate ventilation is provided. 

(3) Adequate ventilation is particularly important in the case of output valves and 
rectifiers. 

(c) Heater-cathode insulation 

(1) It is generally desirable to avoid a large potential difference between heater and 
cathode. This potential should not normally exceed 100 volts except in the case of 
certain indirecdy-heated rectifier valves and valves specially designed for a.c./d.c. 
operation. Where a design necessitates higher heater-cathode potentials, a recommenda- 
tion of the maximum permissible value should be obtained from the valve manufac- 
turer. For convenience, the maximum heater-cathode voltage rating is usually given 
as a d.c. value. 

(2) The insulation resistance between the heater and the cathode should not be 
included in r-f circuits where frequency stability is required or in a-f circuits followed 
by a high gain amplifier. 

The leakage currents make themselves apparent as noise or hum, which may assume 
serious proportions if the valve in which they originate is followed by a large degree of 
amplification. Moreover, if the heater-cathode insulation is included in a tuned circuit, 
any alteration to the physical or electrical properties of the insulation will alter the 
frequency to which the circuit is tuned, and if both r-f and mains frequency voltages 
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exist across the insulation, there is a risk of modulation hum, particularly in cathode- 
coupled oscillators and the like. 

(d) Control grid circuit resistance 

In all cases where published recommendations are available from the valve manu- 
facturer, they should be followed. The maximum value of grid circuit resistance in the 
case of a particular type of valve cannot be specified without knowledge of the valve 
characteristics and conditions of operation. In no circumstances should valves be 
operated without a d.c. connection between each electrode and cathode. 

The maximum value of control grid circuit resistance which may be used under any 
condition of operation depends initially upon the stability of performance required but 
ultimately upon the transconductance under that condition, the increase in cathode 
current and electrode dissipations which may occur due to the cumulative effects of 
reverse grid current (gas, grid emission and leakage) permitted by the specification, 
the maximum ratings for these characteristics, and the limiting effect of resistances in 
series with the cathode and in the electrode circuits in series with the various electrode 
supply voltages. The following formulae, expressing the relationships between the 
various resistances, direct currents and electrode parameters in typical grid controlled 
triodes, tetrodes and pentode circuits hold providing the control grid current is negli- 
gible in comparison with the total cathode current. 

For pentodes and tetrodes (Ref. 41) 



AI 
For triodes (Ref. 41) 
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where A 7 fc = change in cathode current permitted by maximum ratings of plate dissipa- 
tion and/or cathode current j or change in performance which can be 
tolerated. 
AI b = change in plate current permitted by maximum ratings of plate dissipa- 
tion and/or cathode current ; or change in performance which can be 
tolerated. 
J/ C1 =change in control grid (No. 1) current which is likely to occur or is 

permitted by the valve specification. 
Rgi=grid resistor (ohms). 
R ti = series screen resistor (ohms). 
R k = cathode resistor (ohms). 
R L = series plate load resistor (ohms). 
fi fWt =triode amplification factor of pentode or tetrode. 
ji= amplification factor of triode. 
P= ratio of screen current (7 e2 ) to cathode current 

£ m =grid-plate transconductance (mhos). 
£*=grid-cathode transconductance (mhos) 

*b 

To determine the limiting value of grid resistor which may be used, AI cl should be 
taken as the maximum value of reverse grid current permitted by the specification, 
under maximum electrode dissipation and cathode current conditions ; AI b and 
AJ k are the changes in plate and cathode currents which result in maximum rated 
plate and/or screen dissipations and/or maximum cathode current. 

The maximum rating which is reached first determines the limiting value of the grid 
resistor. 

If the specified value of AI el is not available, the highest typical value of reverse 
grid current given in Sect. 3(iv)A for each major group of valve types may be used with 
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discretion. In cases where the valve is being operated below maximum rated condi- 
tions and at a total cathode current less than that for the grid current test conditions, 
the value of AI el may be taken as varying approximately as the cathode current.* 

It should be clearly understood that equations (6) and (7) are fundamental, and, in 
cases where no maximum grid circuit resistance values are published, may be used to 
calculate maximum safe values. These equations are based on the margin (AI b ) 
between the operating plate current and that value of plate current which gives 
maximum plate dissipation or maximum cathode current or which gives the maximum 
tolerable change in performance, the limiting condition of operation being determined 
by the rating which is reached first. It may happen that the published typical operating 
conditions give maximum rated plate dissipation — in this case AI b or AI k is zero, and 
the equations cannot therefore be applied to calculate R al directly. In such a case the 
procedure is to assume reasonable values of R gl and AI el , and then to use the equations 
to derive AI b or AI k . The operating plate or cathode current would then be made less 
than the permissible maximum by the margin AI b or AI k . Alternatively a lower value 
of Rgi may be chosen and the conditions of operation recalculated. 

If a maximum value of R rl is published for fixed bias operation, then the value for 
cathode bias may be determined from equations (8) to (13) : 
For pentodes and tetrodes — general case 
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For triodes — general case 

R a , for cathode bias 



R 0l for fixed bias 
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In the case of resistance-loaded triodes and pentodes with series screen resistors, the 
values of R Bi as derived from eqn. (6) or (7) respectively will be very high. In such 
cases the limiting factor is the effect of the reverse grid current on the operating 
bias. This effect is considered in detail in Chapter 12, Sect. 2(iv) for triodes with 
fixed bias and Sect. 2(iii) with cathode bias also Sect. 3(v) for pentodes with fixed bias, 
and Sect. 3(iv)C with cathode bias. 

A high value of resistance between the control grid and the cathode should be avoided 
wherever possible. In B.S.I 106, 1943 (Ref. 49) it is recommended that, in general, 
1 megohm with self-bias and 0.5 megohm with fixed bias are suitable maxima and that 
with receiving valves having an anode dissipation exceeding 10 watts the grid-circuit 
resistance should not exceed 0.5 megohm when self-bias is used and 0.1 megohm with 
fixed bias. These values must be reduced when one resistor is common to more than 
one control grid circuit. 

The mavirnuin values of grid circuit resistance with r-f pentodes controlled by 
a.v.c. is covered in Chapter 27 Sect. 3(iv)b. 

Some valve types have an inherent negative resistance region in the positive portion 
of the grid characteristic, due to secondary emission from the grid as a result of the 
deposition or evaporation of active material from the cathode or deposition from the 
getter during manufacture. In such cases the resultant grid current may change sign 
from positive to negative as the grid voltage increases from zero in a positive direction, 
ultimately becoming positive again. The maximum value of grid circuit resistance 

♦This assumes that the grid leakage current is small compared with the ionization current, and that the 
latter does not increase appreciably during operation. 
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which may be used under these conditions without grid blocking occurring, is that 
value of resistance represented by the line drawn from the operating bias point on the 
abscissa, tangential to the cross-over loop of the grid current characteristic below the 
abscissa as shown in Fig. 2.11. 

If the grid circuit resistance is such that the line cuts the loop of the characteristic 
below the abscissa, blocking will occur if the instantaneous values of grid voltage 
exceed the voltage of the point at which the line crosses the grid characteristic nearer 
to the origin. See also Chapter 2 Sect. 2(iii). 

Because of the difficulty of controlling the grid current commencement point of 
oxide-coated cathode and filament valves during manufacture, due mainly to contact 
potential variations caused by variable control grid surface conditions, it is desirable 
that operating conditions should be chosen, such that the control grid bias is always suffi- 
ciently large in relation to the contact potential, so that variations of the latter produce 
only minor effects on performance. In general, the grid current commencement 
voltage of indirectly heated cathode types is negative and may have a value up to 
— 1.0 volt but as a rule varies during life. The grid current commencement voltage 
of filament types is usually positive and seldom exceeds about +0.5 volt, but usually 
becomes less positive during life and may even become negative. The plate current 
commencement voltage of diodes due to contact potential behaves in a similar manner. 

(e) Operation at low screen voltages 

As the grid current commencement voltage may in certain cases be dependent on the 
value of screen voltage and may become more negative as the screen voltage is reduced, 
it is in general undesirable to operate valves having low or zero control grid-bias at low 
screen voltages. In the case of zero-bias operated filament types, operation at low 
screen voltages may result in the grid current commencement voltage becoming nega- 
tive and in the flow of positive current, causing either a change in operating conditions 
due to additional negative bias developed across the grid resistor or damping of tuned 
grid circuits due to lowered input resistance. In either case undesirable and often 
wide variations in performance may result. 

(f) Microphony 

Small variations of electrode spacing cause corresponding variations in the output of 
the valve, and it is desirable to ensure that litde or no vibration reaches the valve. 
Such vibration may reach the valve by way of the valve socket or acoustically, and it 
should be noted that microphonic trouble may originate in the converter or i-f stages 
through modulation of the signal or i-f carrier at audio frequencies. It is recommended 
that, if possible, the position of the valve in relation to the source of vibration be so 
chosen that microphony effects will be at a minimum. Methods which may be used to 
minimize microphony effects are described in Chapter 35 Sect. 3(iv). 

(g) Hum 

Hum due to conditions within the valves is analysed in Chapter 31 Sect. 4(i). See 
also Ref. 91 on heater-cathode leakage as a source of hum. 

(h) Stand-by operation 

Where it is necessary to maintain cathodes and filaments at normal operating 
temperatures during stand-by periods, better life in general will be obtained 
when the equipment is so designed that some, rather than no, cathode 
current flows during such periods. It is also essential that the heater or filament 
voltage be maintained as close to the rated value as possible. Continuous operation 
of heaters or filaments at voltages exceeding their rated values by more than 10 per 
cent., without cathode current flowing, will result, generally, in progressively short 
life being obtained. 

In equipments which are designed so that no cathode current flows during stand-by 
periods for periods of less than 15 minutes, the filament voltage of quick-heating fila- 
ment types should be reduced to 80 per cent, of normal, while the heater voltage of 
indirectly heated cathode types should be maintained at normal rated value. For 
longer periods, both filament and heater power should be turned off. 
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SECTION 2: CONTROL OF CHARACTERISTICS DURING 

MANUFACTURE 

(*) Importance of control over characteristics (») Basic manufacturing test specifica- 
tion (iii) Systematic testing (iv) Tolerances on characteristics. 

(i) Importance of control over characteristics 

The successful design and continued satisfactory operation of electronic equipment 
require that the valves used have certain prescribed characteristics, the initial values of 
which do not vary from valve to valve sufficiently to affect operation seriously and 
which, throughout life, remain within a prescribed range with only gradual change 
until the end of useful life is reached Owing however to the highly complex nature of 
the physical-chemical processes involved in manufacture and the difficulty of controlling 
the variations of many of these processes under mass production conditions, the ulti- 
mate degree of uniformity obtainable in the final product, both in initial characteristics 
and their variation throughout life, must always be a compromise between the per- 
formance required by the equipment designer and user and the manufacturing cost in 
obtaining that performance. In any individual case, however, the degree to which 
variation of one or more characteristics affects operation, either initially or during life, 
depends entirely on the particular application and the critical features of the circuit 
design. For good circuit performance, it therefore is essential to take into consideration 
the range of variation of the various characteristics on which operation depends and to 
ensure that operation, so far as is practicable, is independent of the variation of 
characteristics, particularly of critical characteristics and characteristics over which 
limited or no control is exercised in manufacture by the valve test specification. 

(ii) Basic manufacturing test specification 

Owing to the relatively limited range of variation of mechanical and electrical 
characteristics for which usability and performance of the various types of valves in 
their intended applications may be satisfactory, it is necessary to apply tolerances, or 
" limits " to control the range of characteristics obtained under mass production 
conditions. For commercial applications these tolerances are chosen to be both satis- 
factory to the equipment designer and sufficiently wide to be economical and thus 
enable valves to be manufactured in large quantities at a reasonable cost. These 
requirements are embodied in the complete manufacturing test specification, 
which normally comprises — 

(1) Maximum permissible conditions of operation or ratings, as determined by 
emission capability, goodness of vacuum maintenance and interelectrode insulation. 

(2) Nominal values for the principal physical dimensions and electrical characteris- 
tics, relevant to intended applications under specified operating conditions. 

(3) A schedule of mechanical and electrical tests (including tolerances and sequence) 
sufficiently comprehensive to ensure that the prescribed dimensions, and electrical 
characteristics are maintained in production, and sufficiently severe to indicate likely 
failure, during life, when operated under maximum ratings. 

(4) A life test schedule sufficiently severe in conditions of operation and permissible 
deterioration of the main functional characteristics, to indicate reliability and per- 
formance of the product on fife, under both normal recommended and maximum 
rating conditions. 

As most valve types are designed to give a certain performance and life in a specific 
application or limited range of applications, it is important to note that each type is 
processed accordingly and that, in general, the test specification for a particular type 
normally includes only those tests which are necessary for adequate and economic 
control of the characteristics, and are required for satisfactory performance and life 
in the intended applications. Unintended applications not covered by the maximum 
ratings or test specification should be referred to the valve manufacturer, as perform- 
ance and life in many cases can often be decided only by laboratory investigation and 
special life tests. 

Reference to quality control : Ref. 45. Reference to life testing : Ref. 97. 



86 (iii) SYSTEMATIC TESTING 3.2 

(iii) Systematic testing 

For the purpose of systematic testing, valve characteristics may be divided into the 
following three categories. 

(a) Primary characteristics, which are fundamental to the basic operation and 
life of the valve as a thermionic device and its functional operation and usability. 
These include the mechanical stability of the envelope and electrode structure, external 
physical dimensions and construction, continuity of electrode connections, characteris- 
tics indicating the goodness of the vacuum and emission and the principal functional 
characteristics dependent on the electrode geometry. 

(b) Secondary characteristics, which are not fundamental to the operation of the 
valve, but are, in general, dependent on the primary functional characteristics and 
essentially determine the degree of performance obtainable in intended applications of 
the particular type. 

(c) Tertiary characteristics, which are not fundamental to the operation of the 
valve, but are dependent on, and are in general controlled by the primary and/or 
secondary characteristics and either affect performance in a minor degree only, seldom 
vary sufficiently to affect performance or are important only in certain applications or 
for purposes of valve design. 

In order to control the above-mentioned characteristics after manufacture in 
accordance with their specification, the acceptance testing procedure is usually 
organized into the following group of tests, the functions of which are described in 
detail in the following subsections. 

(A) Production Tests. 

(B) Design Tests. 

(C) Recorded Readings. 

(D) Life Tests. 

(E) Warehouse Tests. 

(A) Production Tests 

(1) First Testing 

All primary characteristics, except those which are subject only to minor variation 
from valve to valve, are usually tested 100 per cent, in the factory after manufacture 
Tests performed on this basis are designated Production or Factory Tests and failure 
of any valve to meet the prescribed test limits for any production test constitutes cause 
for total rejection of that particular valve. When characteristics are uniform and 
quality satisfactory, production tests are usually limited to primary characteristics only 
and particular characteristics which cannot be otherwise controlled satisfactorily. 
The normal production tests are performed in the sequence prescribed by the specifi- 
cation and for all types the tests normally include interelectrode shorts and continuity, 
reverse grid current (gas, grid emission, leakage), cathode current, series-resistance- 
supplied electrode currents, transconductance, emission or equivalent dynamic 
characteristic test, noise and microphony. 

(2) Holding period 

After the schedule of production tests has been completed, it is usual for all valves 
to be held in storage for periods varying from 24 hours upwards to allow any deteriora- 
tion of mechanical or electrical characteristics, due to unsatisfactory manufacture, to 
develop. 

(3) Second testing 

Following the holding period, all, or the most important production tests are usually 
repeated either on all valves 100 per cent, or on a representative sample using statistical 
sampling procedures which have been established as reliable, economical methods of 
determining either that the maximum percentage of defectives in a given quantity 
shall not exceed a certain value, or that the average percentage of defectives in the 
outgoing product shall not exceed a certain level. 

When statistical sampling is used, if the product fails to meet the sampling acceptance 
criteria in one or more tests, or totally, the batch in question is then re-tested 100 per 
cent, for those tests in which failure occurred, and all defectives screened out. In 
addition to repeating first-production tests, tests are often included at the second 
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production-sampling test to control characteristics, 100 per cent, testing of which 
may not be warranted or necessary. 

Subject to the product having passed the design and life test criteria to be described, 
it is now usually transferred to the warehouse for shipping and distribution to manufac- 
turers and wholesalers. 

(B) Design tests 

All important secondary characteristics are controlled by regularly testing and 
recording the characteristics of a relatively small sample selected at random, either fror-, 
each production batch, or each day's production in the case of continuous production, 
after all the first-production tests have been performed and the defectives for these 
tests screened out. The sample size is determined by the production batch size on the 
daily production level, provided characteristics are reasonably uniform. Typical 
sample sizes used are 1 per cent, (minimum 5 valves) of each batch, or a fixed sample 
size of 5 to 10 valves per type per day for types in continuous production. 

The tests performed on the characteristics included in this group, on the above basis, 
are called Design Tests and the usual procedure is that failure of more than a stipulated 
percentage of the valves in the sample to meet the prescribed test limits for a particular 
characteristic, or failure of more than a stipulated percentage of all the characteristics 
to meet their prescribed limits, constitute cause, initially for retesting a larger sample — 
usually 100 valves — for the characteristic(s) failed, and in the event of the failure 
being confirmed, for 100 per cent, testing of the complete batch for those characteristics 
in which failure occurred. Failure of any valve of the batch to meet the specification 
for the characteristic(s) in question is then cause for rejection. 

In the case of continuous production, the usual practice is for the failed design tests 
to be made production tests temporari!"' until satisfactory control of the characteristics 
in question has been re-established and the design test criteria for these characteristics 
can again be met consistently. 

Typical design test acceptance criteria require that not more than 10 per cent, of the 
valves of the sample fail for any one design test or that all the design tests failed do not 
exceed 20 per cent. 

In addition to essential secondary characteristics, other characteristics which are 
often controlled on a design test basis include those characteristics which are not 
independent parameters but have their values determined by characteristics which 
are tested 100 per cent., also characteristics which require to be controlled for particular 
applications. 

Design tests are performed only on valves which meet the prescribed production 
tests. To this end, the latter normally are repeated and recorded when design tests are 
performed. 

(G) Recorded readings 

Tertiary characteristics are controlled, in general, on the basis of criticism and correc- 
tion from recorded readings of all important characteristics obtained from the design 
test samples, taken either daily, weekly or monthly, depending on the importance of 
the characteristic and its liability to variation. 

Failure of characteristics tested on this basis to meet the requirements of the specifi- 
cation (or, where not specified, to meet the average range of variation usually main- 
tained) in respect of the design test criteria is cause for criticism only, and not rejection ; 
individual valves having the characteristics indicated are not screened from the 
product, unless the effect of their variation on performance is likely to be serious. 

Where a recorded reading test indicates continuing unsatisfactory control of any 
particular characteristic, it is usual for that recorded reading to be made a design test 
temporarily, if considered warranted, until satisfactory control has been re-established. 

(D) life tests 

Due to the varying extent to which the mechanical and electrical characteristics may 
be affected by undetected and consequently uncontrolled variations of manufacturing 
processes, it is not possible to predict reliably by any schedule of instantaneous tests, 
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however comprehensive, the performance obtainable from any particular valve under 
operating conditions, and it is necessary to rely on recorded observations of characteris- 
tic variation during continuous or intermittent operation under controlled test condi- 
tions, to determine ultimate performance. Such tests are known as Life Tests. 

Provided maximum ratings have not been exceeded, the life of most oxide-coated 
cathode high vacuum valves, assuming that the initial emission and electrode insulation 
are satisfactory, is determined almost entirely by the extent to which the initial vacuum 
is maintained during storage and during periods of operation and non-operation, as in 
general the supply of emission-producing material available on the average filament or 
cathode greatly exceeds that required for the lives normally obtained in practice. 

The average rate and uniformity of deterioration of the vacuum- and emission- 
dependent characteristics which normally occur slowly and uniformly in all valves 
during operation, and which vary from valve to valve, and any excessive deterioration of 
mechanical and electrical characteristics due to defective manufacture are controlled by 
regular life tests of small samples of each type. These life tests are operated normally 
under maximum rating conditions, for a specified period during which the performance 
detennining characteristic(s) may not deteriorate beyond prescribed values, or for the 
period (which may not be less than a prescribed minimum) required for such deteriora- 
tion to occur. 

Owing to limitationb of equipment and cost, regular control life tests are run usually 
for periods of 500 to 1000 hours on small samples of the order of 5 valves per type per 
week for types in continuous production. As variations in characteristics are most 
liable to occur early in life, readings are usually spaced at increasing intervals to give 
an indication of the complete life characteristic over the control periods. 

A typical life test acceptance criterion of satisfactory life is that the average life 
obtained per valve, considering all valves of the sample, must be not less than 80 per 
cent, of the specified duration of the life test. The valves used must also be selected at 
random and comply with the production and design test acceptance criteria. 

In the event of the completed product failing to comply with the life test criteria, 
delivery of the product is then withheld from *he warehouse, until satisfactory life has 
been re-established. 

(E) Warehouse tests 

When quality is uniform, the controls normally imposed prior to packing are retests 
of electrode mechanical stability and continuity, and maintenance of the vacuum, by 
means of a suitable interelectrode hot " shorts and continuity " test during which each 
valve is tapped lightly with a specified mallet. Each valve is also re-inspected for any 
deterioration of the envelope in the case of glass valves, cementing of phenolic bases 
and top caps, dry or badly soldered pin and top cap connections, type designation and 
general mechanical finish. Pins of miniature valves are also straightened, if necessary. 

(iv) Tolerances on characteristics 

(a) Initial characteristics 

The tolerances on types of American origin to-day are substantially those published 
for these types in the American JAN-1A Specification which is based on common 
valve manufacturing practice in that country and was compiled by a committee which 
included the major valve manufacturers (Ref. S2 ; for tabulated characteristics see 
Ref. 65). 

(b) Life test end points 

Apart from the information published in the relevant American and British Service 
Specifications, no information is generally available concerning accepted life test end 
points. In R.M.A. Standard Specification ET-107 (Ref. S7) there is published a list 
of life test end points which may be regarded as typical of the practice followed by 
American valve manufacturers. A valve is considered to have reached its life test end 
point when, at rated filament or heater voltage and specified electrode voltages, the 
following values have been reached : 
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1 . 65% of rated transconductance for r-f and i-f amplifiers. 

2. 50% of rated conversion transconductance and 65% of rated oscillator grid 
current for converter and mixer types. 

3. 50% of rated transconductance for general purpose triode types. 

4. 50% of rated power output for power output types. 

5. 40% of minimum rated direct current for diode types. 

6. 80% of rated current or voltage for rectifier types. 

7. 70% of normal alternating output voltage for resistance-coupled amplifier 
types. 

Note. — Rated values are those referred to on R.M.A. Electron Tube Characteristic 
Sheets under maximum typical operating conditions. 



SECTION 3: METHODS OF TESTING CHARACTERISTICS* 

(i) General conventions 

(ii) General characteristics 

(a) Physical dimensions 

(b) Shorts and continuity 

(c) Heater (or filament) current 

(d) Heater-to-cathode leakage 

(e) Inter-electrode insulation 

(f) Emission 

(g) Direct interelectrode capacitances 

(iii) Specific diode characteristics 

(a) Rectification test 

(b) Sputter and arcing 

(c) Back emission 

(d) Zero signal or standing diode current 

(iv) Specific triode, pentode and beam tetrode characteristics 

(A) Reverse grid current 

(B) Grid current commencement voltage 

(C) Positive grid current 

(D) Positive voltage electrode currents 

(E) Transconductance or mutual conductance 

(F) Amplification factor 

(G) Plate resistance 
(H) A.C. amplification 
(I) Power Output 

(J) Distortion 

(K) Microphony 

(L) Audio frequency noise 

(M) Radio frequency noise 

(N) Blocking 

(O) Stage gain testing 

(P.) Electrode dissipation 

(v) Specific converter characteristics 

(A) Methods of operation including oscillator excitation 

(1) Oscillator self-excited 

(2) Oscillator driven 

(3) Static operation 

•The assistance of A. H. Wardale, Member I.R.E. (U.S.A.) and D. H. Connolly, A.S.T.C-, ie ack- 
nowledged. 



90 METHODS OF TESTING CHARACTERISTICS 3.3 

(B) Specific characteristics 

(a) Reverse signal-grid current 

(b) Signal-grid current commencement 

(c) Mixer positive voltage electrode currents 

(d) Mixer conversion transconductance 

(e) Mixer plate resistance 

(f) Mixer transconductance 

(g) Oscillator grid current 
(h) Oscillator plate current 

(i) Oscillator transconductance 
(j) Oscillator amplification factor 
(k) Oscillator plate resistance 
(1) Signal-grid blocking 
(m) Microphony 
(n) R-F noise 
(vi) Tests for special characteristics 

(A) Short-circuit input admittance 

(B) Short-circuit feedback admittance 

(C) Short-circuit output admittance 

(D) Short-circuit forward admittance 

(E) Perveance 

(vii) Characteristics by pulse methods — point by point 
(viii) Characteristics by curve tracer methods 

(i) General conventions 

The methods described in this section are typical of good practice and should only 
be taken as a guide of good practice. They represent, in general, the main operational 
tests which are used to control the performance of various types of receiving valves. 

The valve under test should have its heater (or filament) operated at the specified 
voltage for constant voltage types or at the specified current for constant current types. 
Direct current is generally specified for all characteristic testing, although a.c. may be 
used for indirectly heated types and directly-heated a.c. power types, but it is essential 
that the filaments of all directly-heated battery types be operated from direct current. 

The positive electrodes (e.g., plate, screen) should be supplied from suitable direct- 
voltage sources the voltages of which can be adjusted to the values specified. Good 
regulation (i.e., good voltage stability) is highly desirable for characteristic testing but 
is expensive to attain with valves drawing high cathode currents. The recommended 
source is an electronic voltage regulator such as that of Fig. 33.10, the output terminals 
being shunted by a r-f by-pass capacitor (e.g., 0.01 fiF mica). A large capacitance should 
not be used since this results in a tendency for the voltage regulator to " hunt ". In 
other cases all supply voltages should be adequately by-passed for a.c. components. 

In the case of emission testing, a special low voltage high current source of low 
internal resistance is essential. Where operation is required from a.c. mains, a selenium 
rectifier supply is usually the most suitable and inexpensive for high current emission 
testing. 

The negative electrodes (e.g., control grid, suppressor) do not normally draw much 
current, and the voltage regulation of the current source is therefore not very important, 
but the voltage applied to the terminals of voltage divider supplies, as normally used, 
must be well stabilized. Either an electronic voltage regulator or a gas type voltage 
regulator tube, or both, may be used. If the characteristics are to be tested with the grid 
positive, the " screen " source may be used for triode grids ; otherwise an additional 
electronic voltage regulator (of the same type as for the plate and screen) should be 
used. All direct electrode voltages are to be measured with respect to the cathode. In 
dynamic tests the voltages are to be measured under operating conditions. 

In all methods of testing, depending upon the particular characteristic, well filtered 
supplies both positive and negative should be used. 

The basic circuit for testing electrode currents with variable applied voltages is 
indicated in Fig. 3.1 for use with diode, triode or pentode valves and negative grid 



3.3 



(i) GENERAL CONVENTIONS 



91 



voltages. If instability is experienced with valves having high cransconductance, a 
screen stopper of 50 to 100 ohms with or without a control grid stopper of say 500 
ohms should be connected directly to the electrodes concerned. It is very important 
that these resistors be non-inductive and, in the case of the screen stopper, of sufficient 
rated dissipation. The screen stopper should be by-passed direcdy from the supply 
side to the cathode using a mica capacitor of, say, 0.01 pF capacitance. 
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Fig. 3.1. Basic circuit for testing electrode currents. 



Pre-heating 

Pre-heating with heater voltage applied to the heater only is generally adequate for 
all ordinary purposes where it is necessary to conserve time, except where full electrode 
dissipation pre-heating is required by particular valve specifications under acceptance 
testing conditions, or when testing for reverse grid current (gas, grid emission and hot 
leakage). When full electrode dissipation is applied, the time of pre-heating is normally 
2 minutes (JAN-1A) to 5 minutes (R.M.A.). Maximum valve ratings should not be 
exceeded during pre-heating. 

See References S2, S7. 

(ii) General characteristics 

(a) Physical dimensions — Valves may be checked for overall length and maximum 
diameter either by the use of " go/not go " gauges or by an adjustable length gauge 
and outside calipers respectively. 

Standard ring gauges for checking maximum and minimum base and sleeve dia- 
meters, also pin alignment gauges, are specified by R.M.A. Standard ET-106 (Ref. S6). 

(b) Shorts and continuity — It is important to ensure that electrodes such as control 
and signal grids and suppressors, which do not normally dissipate any power, should 
not be subjected to any appreciable power dissipation during the shorts and continuity 
test, otherwise the valve may be damaged as the degassing treatment of these grids 
during manufacture is normally much lighter than that of electrodes which are required 
to dissipate power. In addition, the cathode current drawn, particularly in filament 
types, should not be excessive. It is also important that shorts be checked between the 
various electrode pin connections and pins designated as no connection, also that the 
continuity of internal jumper connections between base pins be checked. 

The circuit arrangement accepted as the most generally satisfactory for both shorts 
and continuity with regard to sensitivity and speed of testing is that known as the 
hexaphase shorts and continuity test. This circuit is now widely used, particularly by 
valve manufacturers (e.g., Ref. 1, Fig. 54). A modification is shown in Fig. 3.2 which 
uses 6 110 volt £ watt neon lamps and is entirely satisfactory for valves not requiring 
more than 6 independent electrodes. The values shown for this circuit have been 
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chosen to suit the majority of receiving type valves in that the dissipations of the normal- 
ly negative electrodes are kept low for reasons previously stated — see (b) above — and 
may not be satisfactory for all valve types. In the case of a semi-universal tester it is 
essential that the requirements above be observed, and also that all electrode dissipa- 
tions and peak and average currents be kept within their maximum ratings, otherwise 
valves may be damaged. It is also essential as in any shorts tester that the cathode- 
to-grid voltage, and battery-type filament- to-grid voltage particularly, be 
kept to a value not exceeding approximately 100 volts, owing to the small 
spacing between these electrodes resulting in unreliable " flick " indications of the 
neon lamps in normally good valves. The test is carried out with the cathode hot, and 
the resistor Rx is for the purpose of limiting the peak cathode current to a safe value 
(3 mA per 50 milliamp. filament strand for 1.4 volt battery valves). The tester uses 
split anode neon lamps and continuity of each valve electrode is indicated by the 
glowing of one half of the split-anode neon lamp connected to that electrode. In the 
case of a short-circuit to cathode, one lamp will light on both electrodes, while in the 
case of a short-circuit between two or more other electrodes, two or more lamps will 
so light. There is an optimum arrangement of connections from the terminals 
A, B, C, D and E to give fairly low voltages between cathode and control grid or other 
low-dissipation electrodes and to give uniform illumination on all lamps. In some cases, 
experimenting may be necessary in changing over connections to obtain fairly uniform 
illumination on all lamps. It is necessary that the insulation of the sockets and 
wiring be sufficiently good to avoid residual glows on the neon lamps when a valve is not 
in the socket. This is particularly important in humid climates. 

3 PHASE 6 PHASE OUTPUT 

INPUT 




Types 



Fig. 3.2. Hexaphase shorts and continuity tester. Suitable values are £=5000 ohms, 
#3=1*5=7500 ohms, R t = 1500 ohms, U,=5000 ohms, i? 1 =50 000 ohms for battery 
valves other than power output, 33 000 ohms for normal a.c. types, or 15 000 ohms for 
power output valves. Lamps (N) are 110 volt \ watt split-anode neon. 



If more than six lamps are required, additional lamps may be incorporated at suitable 
points in the " ring " network, but all such arrangements have the limitation that one 
or more conditions exist where no shorts indication is possible on one or more pairs 
of lamps. 

In addition to the neon shorts and continuity test, filament type lamps may be used 
to indicate continuity from shield to cathode or along a " jumper " linking two pins. 

Continuity of heaters and filaments is indicated by means of a current meter of 
suitable scale in series with the heater or filament, an open-circuit being indicated by 
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zero current. In the absence of a current meter and where a rheostat is used to drop 
the filament/heater source voltage, the voltmeter reading may be used to indicate 
open-circuited filaments or heaters since the voltmeter reading will then be much higher 
than normal. 
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Fig. 3.3. Older type of shorts and continuity tester. 



The older type of shorts tester is shown in Fig. 3.3 and operates on single phase 
and requires a total voltage of 880 volts for 8 lamps. This may be used as a hot or cold 
cathode shorts tester, but has the disadvantages that it only indicates electrode continu- 
ity of those electrodes which draw sufficient current to operate lamps to which they are 
connected. It also has the severe disadvantage that the voltages cannot be arranged 
conveniently with regard to the electrode configuration for semi-universal testing, as all 
voltages are in phase, and quite high voltages- may be developed between adjacent 
electrodes in the absence of complicated switching. 

When using this type of tester with either hot or cold filament (or cathode), it is 
essential to connect grid No. 1 to the lowest voltage in the chain with respect to earth, 
otherwise damage may be done to the valve, or else good valves may indicate as having 
a short circuit. The other points in the chain should be connected in the same sequence 
as the grids and plate. 

A fairly satisfactory form of single lamp 
shorts and continuity tester commonly used 
in service testers is shown in Fig. 3.4. The 
electrode switch 5 is rotated with the 
cathode heated. If the neon lamp glows 
on one side only the particular electrode is 
connected ; if on both sides a short-circuit 
is indicated. If only one electrode indicates 
short-circuit, the short is to heater (fila- 
ment) ; if two or more electrodes indicate a 
short-circuit, they are shorted together. The continuity test only works well for the 
electrodes close to the cathode, the sensitivity decreasing towards the anode. 

The same circuit Fig. 3.4 may also be used for a cold cathode shorts test. 

(c) Heater (or filament) current — This is measured with a d.c. heater source, 
using the heater circuit as in Fig. 3.1. The heater voltmeter current passes through 
the ammeter A, so that it is necessary for greatest accuracy to subtract the voltmeter 




Fig. 3.4. Simpler type of shorts and 

continuity tester, employing a single 

lamp. 



94 (ii) GENERAL CHARACTERISTICS 3.3 

current from the current reading. However, with a 1000 ohms-per-volt meter, the 
current is less than 1 mA and the error is quite small with heater currents of the order 
of 0.3 A. When measuring filament currents of small battery valves (e.g., 50 mA), 
the ammeter zero may be set to read zero when the voltmeter is at its nominal reading 
(e.g., 1.4 volts). The current is normally measured with no connections to any other 
electrodes. See also Ref. S12, Sect. 2.1. 

(d) Heater-to-cathode leakage — This may be tested by applying the maximum 
rated direct voltage between one heater terminal and cathode and measuring the 
current with a microammeter (say 0-500 /aA) with a safety resistance in series (not 
greater than 100 000 ohms). The leakage current should be not greater than 20 /xA 
for ordinary 6.3 volt 0.3 ampere valves, or 50 to 100 /xA for power valves, with 100 
volts applied. 

The heater may be operated with either a.c. or d.c. supply if below 35 volts ; at 35 
volts and above it is usual to operate it on a.c. supply. The voltage between heater and 
cathode should be applied with both polarities, except in the case of rectifiers where the 
heater must be negative with respect to the cathode. 

(e) Inter-electrode insulation — This is not normally a regular commercial test, 
except to meet service specifications. The test voltage specified is normally 300 volts 
for small valves or 500 volts for those which are able to stand the higher voltage. 
The insulation resistance may be measured by any ordinary type of insulation tester, 
but preferably by an electronic megohm-meter. In this test, the cathode should always 
be positive. The test/is carried out on a valve which has reached a stable temperature 
under normal operating conditions. The minimum permissible insulation resistance 
usually specified is 10 megohms (Ref. S2). 

This test is not used between heater and cathode. 

(f) Emission — The purpose of the emission test is to ensure that the cathode 
emission is adequate to provide the peak and average space currents for the particular 
application of the type by a margin which has been found to be satisfactory for good 
life and performance. 

Emission is normally tested by applying a suitable direct positive voltage to all grids 
connected together with the plate, and measuring the total cathode current. 

Because of the very high value of the emission current normally drawn from the 
cathode, the resulting excessive dissipation of the inner grids and the gas produced as a 
result of this dissipation and also as a result of ion bombardment of the cathode, the 
emission test is a damaging test and should be performed as seldom as possible and then 
always very carefully. 

In order to avoid damage to the cathode by this test, the applied voltage must be 
sufficiently large to approach current saturation without drawing sufficient current to 
damage the valve due to excessive dissipation of the inner grids. At the same time the 
test must be of sufficient duration to enable the stability of the emission to be indicated 
without being so long as to give risk of poisoning the emission. A safe value generally 
accepted for the duration of the emission test is 3 seconds. During this period the 
emission should not fall below a value recommended by the valve manufacturer. 
In general, emission is a minimum reading. As most of the cathode current goes to the 
No. 1 grid, which is usually wound with very fine wire, and treated lightly during 
manufacture, the applied voltage must be restricted to a value such that the emission 
current drawn does not result in damage to the valve. The voltages normally used in 
manufacture are listed below. 

Emission testing with applied alternating voltage is also used, but in this case the 
test becomes one intermediate between a peak emission test and a high current trans- 
conductance test. In practice, there is no exact and simple correlation between a.c. 
and d.c. emission tests due to the fact that the a.c. emission current depends in part on 
the emission capability of the valve as well as on its geometry. Experience has shown 
that mains frequency a.c. emission tests tend to be unreliable owing to the fact that the 
emission " gets a rest " between cycles and, in a practical case, the rating of peak to 
average emission current drawn cannot be made sufficiently high to be effective. 

Voltages given below are based on JAN-1A (Ref. S2) ; values of voltages and mini- 
mum emission currents are given by Ref. 65. 
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Signal diodes are normally tested for emission with an applied direct voltage of 
10 volts, except that 20 volts are normally applied to type 6H6. 

Power rectifiers are normally tested with applied voltages as listed below (suffixes 
of valve types have been omitted) : 
20 volts— IV, 12A7, 32L7. 
25 volts— S4/6Z4, 70L7. 
30 volts— 5V4, 6ZY5, 7Y4, 12Z3, 25A7, 25Z5, 25Z6, 35Z3, 35Z4, 35Z5, 45Z3, 

45Z5, 50Y6, 83V, 117N7, 117Z4, 117Z6. 
50 volts— 5Z4, 6W5, 6X5, 7Z4, 28Z5. 
75 volts— 5R4, 5T4, 5U4, 5W4, 5X3, 5X4, 5Y3, 5Y4, 5Z3. 

Amplifier valves are normally tested for emission with an applied direct voltage of 
30 volts. Some of the exceptions are listed below : 
10 volts— 1AB5, 6AC7, 6AG5, 7E5, 7F8, 7G8, 7V7, 7W7, 26A7. 
15 volts— 6BE6. 
20 volts— 1D8, 1J6, 2A3, 3A8, 6AB7, 6AG7, 6SD7, 6SQ7, 6SH7, 7G7, 7H7, 7J7, 

7L7, 7Q7, 7R7, 7S7, 19, 28D7, 35L6, 70L7. 
25 volts— 117N7. 
50 volts— 6A6, 6B5, 6L6, 6N6, 6N7, 12A5, 24A, 53, 59, 79. 

AU the voltages listed above are subject to variation by different valve manufacturers. 

(g) Direct iiiterelectrode capacitances — The following information is based on 
recognised engineering practice by the manufacturers of American-type valves, and is 
in line with the I.RJE. Standard (Ref. SI, S12), the R.M.A.-NEMA Standard (Ref. S8) 
and with JAN-1A (Ref. S2). 

The capacitances which are measured are direct interelectrode capacitances, and not 
the total (self) capacitances which are the sum of two or more direct capacitances. 
The measured value of inter-electrode capacitance of a valve is dependent upon the 
valve shield or, in the absence of a shield, upon the geometry of the external environ- 
ment. It is therefore necessary for the test to be made under strictly specified conditions 
of valve shielding and of electrode and internal valve screen connections. 

Published values of interelectrode capacitances are stated either for the condition 
where the valve is shielded with a specified standard valve shield (see below) or is 
unshielded. Interelectrode capacitances are normally measured with the cathode cold 
and with no direct voltage applied to the electrodes. The base pins and leads are 
shielded from each other and from other elements of the valve so that they and their 
connections do not form part of the capacitance being measured. All external metal 
parts integral with the valve should be connected to the cathode ; such parts include 
lock-in valve bases, metal base shells, and pins with no connection. When capacitance 
measurements are made on indirectly-heated valves the heater should be connected 
to the cathode unless in special cases the measurement is between the cathode only and 
other elements, or the heater and other elements. For valves having elements other 
than a control grid, a plate, and a cathode, the additional elements of the active section 
including internal shields should be connected to the filament or cathode by the shortest 
possible connections. For a multiple-unit valve structure, all elements of the other 
section(s) should be earthed except when reading inter-section coupling capacitances. 

The test sockets should be Standard Capacitance Sockets as specified by R.M.A.- 
NEMA (Fig. 3.4A). Valves with top caps should be tested with the R.M.A.-NEMA 
Standard Cap Connectors (Fig. 3.4B). 

The connections to be made to the electrodes while testing for interelectrode 
capacitances are given below : 

Input capacitance is tested by measuring the capacitance between grid and cathode, 
the latter being connected to heater, screen and shields ; the plate is earthed. 

Output capacitance is tested by measuring the capacitance between plate and 
cathode, the latter being connected to heater, screen and shields ; the grid is earthed. 

Capacitance from grid to plate for all types of valves is measured with all other 
electrodes earthed. 



96 



(ii) GENERAL CHARACTERISTICS 



3.3 



In multiple unit valves, the capacitance between the grid of one section and the 
plate of the other is measured with all other electrodes earthed j similarly from one 
plate to the other. 

The input capacitance of a diode is measured between its plate and cathode, 
the latter being connected to heater and shields ; other sections are earthed. 

The capacitance between diode-plate and grid or plate of other sections is 
measured with all other electrodes earthed. 

In a converter, the r-f input capacitance is measured between the signal grid 
and all other electrodes connected together. 

The mixer output capacitance is measured between the mixer plate and all other 
electrodes connected together. 

The capacitance from oscillator grid to oscillator plate is measured with all 
other electrodes earthed. 

The oscillator input capacitance is measured between oscillator grid and cathode, 
the latter being connected to heater and shields ; the oscillator plate and all electrodes 
of the other section being earthed. 

The oscillator output capacitance is measured between oscillator plate and 
cathode, the latter being connected to heater and shields ; the oscillator grid and all 
electrodes of the other section being earthed. 

The capacitance between oscillator grid and signal grid, or oscillator plate 
and signal grid, is measured with all other electrodes earthed. 

In converters in which there is usually a r-f voltage between cathode and 
earth (e.g., 6BE6), the oscillator output capacitance is measured between cathode 
and heater, the latter being connected to screen and shields ; the oscillator grid being 
earthed. 

The oscillator input capacitance is measured between oscillator grid and all other 
electrodes connected together. The capacitance between oscillator grid and cathode 
is measured with all other electrodes earthed. 

Standard sockets, cap connectors and shields for use in the measurement of 
valve capacitances (R.M.A.-NEMA, Ref. S8). 
(1) Sockets 

The construction and shielding of capacitance sockets and leads shall be such that 
when the holes for the insertion of the base pins are covered with a grounded, flat metal 
plate, the capacitance between any one socket terminal and all other socket terminals 
tied together does not exceed 0.000 10 /x/iF for receiving valves. 



I* 



// / / / / /A 



^r^: 



WTM \V/ ////// 



Fig. 3.4A RMA-NEMA Standard Capacitance Sockets (Ref. S8). 

The hole for the accommodation of the locating lug of octal and lock-in bases shall 
be less than 0.500 inch diameter. 

The diameter of holes for the insertion of the base pins (see Fig. 3.4A) shall be 
limited to the values shown in Table 1 . The socket face plate shall be flat and shall 
have a minimum diameter as shown in Table 1 . Any structure above the face plate 
shall have negligible effect on the capacitance being measured. 

A thin insulating film may be permanently attached to the face plates of capacitance 
sockets to provide insulation for ungrounded shielding members. 
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The socket shall be so constructed that the base of the valve under test will seat 
on the face plate. 

Table 1. 

Base Designation Max. diameter (A)* Max. diameter (B)* 

Standard 4, 5, 6 or 7-pin 0.250 in. 3 in. 

Octal 0.175 in. 3 in. 

Lock-in 0.093 in. 3 in. 

7-pin miniature 0.075 in. 2£ in. 

9-pin miniature 0.075 in. 2| in. 

*see Fig. 3.4A. 

(2) Cap connectors. 

Standard Cap Connectors shall be made as shown in Fig. 3.4B. A thin insulating 

film may be placed on surface X in Fig. 3.4B. Dimensions in inches shall be as 
tabulated below. 

Designation A B C 

Medium &±& 0.556 0.850 

Small ft±& 0352 0.750 

Miniature ft±& 0.242 0.750 




>/////. 



A 



s 



*ZZK 



\ w \ \ \ ^ZJTJ I 

B A C t-OOS" 



Fig. 3.4B. RMA-NEMA Standard Cap Connectors for use in measurement of valve 
capacitances (Ref. 58), 

(3) Shields. 

Stajod^rd shields- are sjjown in Fig. 3.4C. It is recommended that these shields be 
used as indicated below, or as specified by the valve manufacturer. 

Max. seated height 



Shield 

No. 

30S 

309 

311 

312 

315 
316 



GT glass types with T9 bulbs* 
G^glass types with T9 bulbs* 
G glass types with ST12 bulbs* 

{G glass types with ST14 bulbs* 
G glass types with ST16 bulbs* 
Miniature types with T6£ bulbs* 
Miniature types with T5| bulbs* 



with 
top cap 

3 

31 

4* 
4M 



without 
top cap 
2| in. 
3& in. 
3ft in 
4^ in. 
4| in. 
2| in. 
2f in. 



(4) Methods of measuring inter-electrode capacitances are described in the 
I .R.E. Standard (Ref. S12). The R.M.A.-NEMA Standard (Ref. S8) states that the 
r-f bridge method (Refs. 77, S8, S12) and the transmission method (Refs. S8, S12) 
shall be the standard methods of measuring interelectrode capacitances ; both methods 
are described. These measurements are normally made only in valve laboratories. 



*The maximum outside diameters «f these bulbs are : T9 1-3/16 in. 
1-13/16 in. ; ST16 2-1/16 in. ; T5J 3/4 in. ; T61 7/8 in. 



ST12 1-9/16 in. ; ST14 
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RMA-NEMA STANDARD SHIELDS FOR USE IN MEASUREMENT OF 
VALVE CAPACITANCES (Ref. S8) 




No. 308 




No.309 



J^MAX. RADIUS ALLOWABLE ON ALL INTERNAL EDGES 



fl" ' 4ft 1 



/ Gcni 



-i^hf 






nx 




EITHER SHIELD MAY BE 
SLOTTED FOR EASE OF FIT 



The significance of interelectrode capacitances and their measurement are covered by 
many text books and some articles including Refs. 3, 4, 5, 8. 9, 10, 11, 12, 13, 16, 18, 
21, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 74, 75, 76, 77. 

The special low range capacitance bridge circuit used in the inter-electrode capaci- 
tance meter of Ref. 3 is capable of measuring directly the capacitances, with a range from 
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0.0001 to 2 puF, between any two electrodes of a valve with all the other electrodes 
earthed, at a frequency of 400 Kc/s. 

Capacitances above 2 fif/F are usually measured on a simple capacitance bridge at 
1000 c/s. Commercial bridges having a logarithmic scale are available for this purpose, 
reading from to 30 npF. However, audio-frequency bridges are out of the question 
for very low capacitances, because the insulation resistance between electrodes may be 
lower than the reactance of a 0.0001 nfiF capacitance. Even at 1000 Kc/s the re- 
actance of this value of capacitance is 1500 megohms. 

The capacitance measured with an audio-frequency capacitance bridge is frequently 
higher than that measured with a capacitance bridge operating at radio frequency. 
This effect is associated with the presence of resistive films on the insulators supporting 
the valve electrodes. Such films may be caused by deposition of getter or by the evap- 
oration of metal from the cathode either during the manufacture or during the life of 
the valve. The value of the resistance may be as high as 1000 megohms or more, but is 
capable of modifying the measured value of the capacitance and prevents the prediction 
of the performance of the valve at frequencies higher than that of the measurement 
(Ref. 23). 

The actual capacitance of a valve depends on its operating conditions and the im- 
pedances in the electrode circuits. For purposes of specification testing the valve is 
tested with the cathode cold and without any voltages applied to the electrodes. In any 
particular case under specified operating conditions the interelectrode capacitances 
will differ from the static capacitances measured in this way. For further information 
see Chapter 2 Sect. 8(iii > i and the references there listed. 

(iii) Specific diode characteristics 

(a) Rectification test. Power diodes — The rectification test is an operation test 
as a rectifier at the maximum ratings for applied r.m.s. voltage with condenser input 
filter, and with the maximum rated values of average and peak currents. The basic 
circuit is shown in Fig. 3.5 in which 2\ is the plate transformer and T z is the filament 
transformer. The average current is measured with the d.c. milliammeter, while the 
voltage across R L may either be calculated from the resistance and current or may be 
measured by the direct voltmeter V. The condenser C L should be an impregnated 
paper type. 



— d>lfe t 

'V 3 Y=» 1 5 — HmAV-j 1 



Fig. 3.5. Rectification test. 



The plate supply impedance is that of transformer T x which should be one having 
good regulation and low winding resistance. 

In a transformer the plate supply impedance per plate is given approximately by 

R s *iN*R„ t +R,., (1) 

where N= voltage ratio of transformer at no load (primary to half secondary in the 

case of full-wave rectification) 

(half) secondary voltage 

= : at no load 

primary voltage 

i?„ r ,= resistance of primary winding in ohms 
and i?, e<; = resistance of secondary winding in ohms (or half-secondary in the case of 
full- wave rectification). 
If the transformer plate supply impedance per plate is less than the required value, 
two equal resistances should be added at points XX in Fig. 3.5 to make up the defi- 
ciency. If the transformer plate supply impedance per plate is greater than the required 
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value, the test will not be so severe since it will reduce the peak plate current and also 
reduce the output voltage or current. 

In view of this limitation, a rectification test which may be used and which should 
be satisfactory for all practical purposes is to make use of the maximum published 
conditions with a condenser input filter. These conditions include the maximum 
r.m.s. applied voltage, the maximum d.c. load current, the minimum plate supply 
impedance per plate and the maximum filter capacitance for these conditions, if 
pubb'shed. In cases where the latter information is not available, it is usually safe to 
test with the maximum value of filter capacitance used in the published curves or 
typical operation data, provided that the plate supply impedance per plate is equal to 
the rninimum rated value or to the value used for the curves or typical operation data, 
whichever is the greater. In all cases it is essential that the maximum peak plate 
current rating per plate be not exceeded. 

The rectification test may be used for the purpose of checking the output voltage 
and so determining end of life. The circuit constants for the rectification test may be 
obtained by the following procedure. The value of R L is given by E /I where E 
and I are the direct voltage and current respectively across the load resistance under 
maximum ratings. The value of E is obtainable from the usual operational curves 
published by valve manufacturers, and is the direct voltage for the maximum r.m.s. 
applied voltage at the maximum value of load current (7 ). If curves are published 
for more than one value of filter capacitance, the curve corresponding to the highest 
capacitance should be selected. The rectification test should be carried out with the 
value of C L equal to that used for the derivation of E 0) while the total effective plate 
supply impedance per plate should be as specified above. Under these conditions 
an average new valve should give a voltage E and a current I Q approximately equal to 
the published values, and individual valves will have values either higher or lower than 
the average as permitted by the manufacturing tolerances. The end-of-life point is 
commonly taken as 80 per cent, of the value obtained with a valve having bogie charac- 
teristics (R.M.A., Ref. S7). 

The rectification test may be carried out either with full-wave rectification as in 
Fig. 3.5 or with half-wave rectification, each unit being tested separately with half the 
total average load current. The test is usually performed by inserting a cold valve and 
waiting until it has attained normal temperature. 

In all cases, rectifier valves are required to operate satisfactorily in the rectification 
test without arcing or sputtering. 

Where valve failure has been due to arcing or sputtering, the conditions under 
which this occurred may be reproduced for the purposes of testing either by 

(1) allowing the valve to heat up to normal temperature from cold, the heater and 
plate supply voltages being applied simultaneously, or 

(2) operating the valve at normal temperatures with heater and plate voltages 
applied, and then " keying " the plate voltage. 

(b) Sputter and arcing 

Sputter and arcing are closely akin. When an indirectly-heated close-spaced 
rectifier is warming up with plate voltage applied, there is no space charge and the 
electrostatic field gradient at any sharp peaks on the cathode surface may be high 
enough to vapourize the coating material and lead to the formation of an arc. Even 
when there are no sharp points on either cathode or plate, a discharge of gas leading to 
an arc may occur when there is no space charge, and the peak current required is 
greater than the available emission. Sputter does not usually occur with directly- 
heated rectifiers. 

Signal diodes may be tested in a rectification test as an alternative or addition 
to the emission test. Diodes in diode-amplifier valves may be tested as half-wave 
rectifiers with #£=0.25 megohm, C L =2fiF and an applied voltage of 50 volts 
r.m.s. 

(c") Back emission — Back emission is emission from the plate to the cathode during 
the half-cycle when the cathode is positive with respect to the plate. Any appreciable 
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amount of back emission results in severe 
bombardment of the cathode and ultimate 
plate-to-cathode arcing. Back emission 
may be tested by the circuit of Fig. 3.6. 
Switch S t is normally closed, and is only 
opened momentarily while taking a reading. 
The combined effect of contact potentials 
and initial electron velocities in the 6X5 
and 6H6 rectifiers is to cause a residual cur- 
rent of perhaps 400 /uA to pass through the 
back emission meter while S x is closed. 
The back emission current is then taken as 
the increase in the meter reading when S t 
is opened. 




Back Emission Current 
C-l mA D.C. 



Fig. 3.6. Back emission test. 



(d) Zero signal or standing diode cur- 
rent — -This is usually read by measuring 

the current through, say, 0.25 megohm connected between diode plate and cathode 
with no signal applied ; the standing diode current is likely to vary during life. It 
should be noted that the diode direct plate voltage required to make the plate current 
just zero should never be positive if loss of detector sensitivity at very low signal levels 
is to be avoided. 

(iv) Specific triode, pentode and beam tetrode characteristics 
(A) Reverse grid current 

Reverse grid current is the sum of gas current, leakage current and grid (primary) 
emission current. The test is normally carried out after pre-heating — see Sect. 3(i) 
above — since this is the condition which obtains under normal operation in equip- 
ment. Reverse grid current is measured by inserting a microammeter* in the grid 
circuit in series with a resistor, with maximum plate and screen voltages and dissipa- 
tions and maximum cathode current. The circuit used is shown in Fig. 3.1 in which 
the microammeter is protected by a shorting key which is only opened when the reading 
is to be taken. The maximum value of the grid circuit resistance during the test 
as specified by JAN-1A should not exceed 100 000 ohms, although values up to 
500 000 ohms are commonly used. The reading is normally taken after the reverse 
grid current has reached a steady value. 

Alternatively, a suitable value of grid resistor (R c ) is connected in the grid circuit, 
with a switch for short-circuiting the resistor when desired. With the switch closed, 
the grid and plate voltages are adjusted to the desired values and the plate current is 
read. The switch is then opened and the grid bias readjusted so that the plate current 
returns to its former value The reverse grid current may be computed from 

I C = AE C /R C (2) 

where AE C = change in grid voltage to maintain constant plate current. 
When the mutual conductance is known (or as an approximation using the nominal 
value) the reverse grid current may be computed from 

Grid current in microamperes = 1000 AI b /g m R c 
where J 7 &= change in plate current in milliamps. 
£ m =mutual conductance in micromhos 
and R c = resistance of grid resistor in megohms. 

Typical values of maximum reverse grid current in new valves, based on 
American JAN-1A Specifications (Ref. S2). 

These values apply to types commonly used in radio receivers. They are only useful 
as a general guide, since commercial valves may be tested to slightly different specifi- 
cations 

♦Alternatively, an electronic microammeter may be used, incorporating a less sensitive indicating 
instrument. One possible form uses a 6SN7-GT twin triode, cathode coupled j the maximum resistance 
in the grid circuit is 50 000 ohms for a 0-3 /AA range. This arrangement has the advantage that the 
instrument can be made self-protecting so that the indicating meter is not damaged by excessive gas 
current. 
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High-mu triode (fi<65) 0.5 to 0.6 juA 

Medium-mu triode 1.0 to 2.0 /iA 

Twin triode — medium mu 1.0 to 1.5 /aA each section 

highmu(/i>65) 0.5 to 1.0 /jA each section 
R-F pentode 

sharp cut-off (generally) 0.5 to 1.0 pA* 

remote cut-off 1.0 to 2.0 /*A 

Power output 2.0 to 4.0 /xA 

Converter 1.0 to 2.0 uA 

♦Exceptions are : 6AK5 & 713A 0.1 |AA, 6AS6 0.2 pA, 6AJ5 0.25 pA, 1231 & 7G7/1232 1.5 l*A. 

These reverse grid currents apply rigidly only when measured under the specified 
electrode conditions (for values see Ref. 65, Sec. 14). These are, in general, identical 
with the published typical operating condition or, if there is more than one, at the 
typical operating condition having the greatest plate dissipation. 

The maximum value of grid current which may be used in any particular application 
without seriously affecting the performance, is dependent upon the actual value of 
grid circuit resistance — see Sect. l(v)d. 

(a) Gas current (ionization current) — Gas current cannot be readily measured 
direcdyf- It may be determined approximately by measuring the total reverse grid 
current under conditions of maximum dissipation (see above), and then subtracting 
the hot leakage current and grid emission current under the same conditions. 

(b) Cold and hot leakage — Leakage currents may be measured with a voltage 
applied between the grid and each electrode in turn, with the other electrodes floating. 
Measurements may be made either with the valve cold (" cold leakage "), or immedi- 
ately after the filament (or heater) has been switched off after testing for reverse grid 
current (" hot leakage "). The grid to cathode hot leakage current, with the grid biased 
as for the negative grid current test, may be too small to measure on the microammeter ; 
in this case it may be regarded as zero in deriving the gas current. If any grid emission 
is present, the procedure will be as indicated in (c) below. 

(c) Grid (primary) emission — Grid primary emission current may be derived 
by operating the valve under maximum rated voltages and dissipations for, say, 5 
minutes, or until the characteristics have reached stable values, then by increasing 
the grid bias to the point of plate current cut-off without any other change in electrode 
voltages, and by measuring the negative grid current at this point. This negative grid 
current is then the sum of hot leakage and grid emission currents. There is no simple 
method of distinguishing between real grid emission current and those hot leakage 
currents which fall during the first few seconds as the valve cools. However, it is 
generally possible to distinguish hot leakage and grid emission by plotting the cooling 
curve of the reverse grid current versus time characteristic (this test cannot be applied 
to valves of the pentagrid type). 

Grid current characteristics are described in Chapter 2 Sect. 2(iii). 

(d) Grid secondary emission — The amount of secondary emission from the grid 
of a valve cannot be measured directly. Valves of the same type, however, may be 
compared as to the relative amount of secondary emission present by plotting, or tracing 
on a C.R.O., the positive grid characteristic. If the amount of secondary grid emission 
is sufficient for the characteristic to cut the axis, blocking may occur — see Sect. 3(iv)N. 

(B) Grid current commencement voltage 

The circuit of Fig. 3.1 is used except that the polarity of the grid microammeter is 
reversed. The grid voltage is then measured for which the grid current is positive 
and of the smallest value discernible on the microammeter (e.g.* 0.2 /*A). 

(C) Positive grid curren 

This test applies usually to zero biased r-f pentodes, particularly filament types, to 
ensure that conduction -"does not occur during service when low screen voltages are 
used. The test is normally performed under low screen voltage conditions, with other 

tGas current may be measured by the method which converts the desired ion current to an alternating 
current by modulation of the ionizing electron stream while leaving undesired stray currents (e.g., leakage) 
unmodulated. See Ref. 40. 
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NULL POINT INDICATOR 




electrode conditions normal. It is a matter 
of experience that the grid current com- 
mencement voltage moves in a negative 
direction in some filament type pentodes as 
the screen voltage is reduced. 

(D) Positive voltage electrode currents 
The currents of the positive electrodes 

may be measured at the electrode voltages 
specified under typical (or any other) opera- 
ting conditions, by using the circuit of 
Fig. 3.1. The valve may be damaged if it 
is operated, even momentarily, at electrode 
currents and dissipations in excess of the 

maximum ratings. Fig. 3.7. Dynamic voltage-ratio method 

The electrode currents may tend to drift, °f measuring mutual conductance {or 
particularly when the valve is operated at transconductance). 

other than the cathode current at which it has been stabilized. If a series of curves is 
to be plotted, it is desirable to check one of the earlier readings at intervals during the 
test, to see whether the valve has drifted. 

(E) Transconductance or mutual conductance* 

Transconductance may be determined from the slope of a characteristic which has 
been plotted carefully. An approximation to the grid-plate transconductance, which 
generally errs on the high side, is to measure the plate current at equal grid-voltage 
increments on either side of the desired voltage, and to calculate the slope — see Chapter 
2 Sect. 2(ii). 

Grid-plate transconductance and mutual conductance may be measured by many 



methods, but the most satisfactory and most generally used laboratory method is the 
dynamic voltage ratio method developed by Turtle (Ref. 2). 

A simple adaptation which is satisfactory for all practical purposes is described 
below. In Fig. 3.7 a 1000 c/s generator is connected to a voltage divider and voltages 
Et and E x are applied to the plate (through R, and C x ) and grid respectively of the 
valve under test. Resistor R, is then adjusted to give a null point on the indicator. 
Condenser C 8 is provided to balance out reactive currents arising from stray capaci- 
tances : the secondary of transformer T x should be connected in the direction which 
allows capacitive balancing. 
At balance, the value of mutual conductance is given by 



gt 



£ 2 1 
EiR s 



(3) 



One convenient form is shown in Fig. 3.7 where Ex and E 2 are adjustable in steps 
of 10, while R t is variable from 5000 minim um to 100 000 ohms maximum. 



Range 

1-10 /*mhos 
10-100 
100-1000 
1000-20 000 



Grid tap Plate tap 



%IE, 


R 3 min. 


R, max. 




ohms 


ohms 


1/10 


10 000 


100 000 


1 


10 000 


100 000 


10 


10 000 


100 000 


100 


5 000 


100 000 



Values of the other components may be : 

C!=0.5 fiF, C a = l fiF, both 400 V working 
C 3 =one gang condenser section 
7\=step up transformer, 1 : 2 turns ratio 

r 2 = electrostatically shielded output transformer, with primary 
resistance not greater than 50 ohms. 
The reactances have been selected to give an error in mutual conductance not greater 
than 1 per cent, in each case. 



*For definitions, see Chapter 2 Sect. 1. 
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Pentodes may be tested if a suitable screen supply is added to Fig. 3.7. 

Further information on methods of measuring mutual or transconductance is given 
by Refs. 2, 15, 16, 17, 18, 21, 22, 59, 78, 79, 80, 81, 82, 83, 84, S12. 
(F) Amplification factor 

The amplification factor is usually tested by some form of bridge circuit as in 
Fig. 3.8. This is suitable for measurements of ft up to 1000. Suggested values of 
components are : 

Ri = 10 ohms, R z =90 ohms, R 3 = 900 ohms, i? 4 = 10 000 ohms max., Lx=5 henrys 
min., L 2 =20 henrys min. at max. plate current. (^=0.5 /*F, C 2 =0.5 pF, C 3 may be 
two paralleled sections of a gang condenser. 

Choke Lx should be of very low resistance, so that the voltage drop caused by any 
reverse or positive grid current does not affect the point of operation. Transformer 
Tj should be electrostatically shielded. 

The amplification factor is given by 

R* 

where 2?=efTective total grid resistance in grid arm of voltage divider (i.e., either 
Rt or R t +R 2 or fl 1 +/? 2 +fl 3 ). 

With R 4 adjustable from 1000 to 10 000 ohms, position 1 of Si will give a range of 
/i from 100 to 1000, position 2 from 10 to 100, and position 3 from 1 to 10. A satis- 
factory value of signal voltage is about 10 volts peak. Too high a value will result in 
operation over a non-linear portion of the characteristic, while also introducing the 
possibility of positive grid current with some types of valves operated at low grid bias. 

Capacitance currents may be balanced out by adjusting the value of C 3 and by moving 
switch S 2 to the position giving capacitance balance. 




K E «, / E bb A . 

CC L » 





Fig. 3.8. Bridge test for measuring 
amplification factor. 



Fig. 3.9. 



Method of testing for plate 
resistance. 



The amplification factor test of Fig. 3.8 may be used for pentodes with the addition 
of a suitable screen supply. For values of amplification factor over 1000 a higher ratio 
of the plate and grid arms of the bridge is required, that is RJR. This will result in 
some loss in accuracy at the higher values of /u. due to capacitance effects. 

References to measurement of mu factor and amplification factor : Refs. 2, 15, 
16, 17, 18, 21, 22, 78, 79, 80, 81, 82, 84, S12. 

(G) Plate resistance 

Plate resistance may be measured conveniently by the dynamic voltage ratio method 
developed by Turtle (Ref. 2) and an adaptation is shown in Fig. 3.9. The value of 
plate resistance is given by 

* R 3 
where R ls R 2 and R 3 may have any convenient values of resistance. 

One possible combination of resistances is : 
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Range of r p 


jR x (fixed) 


R 2 (fixed) 


R 3 (variable) 




ohms 


ohms 


ohms 


1000 to 10 000 ohms 


10 000 


1000 


10 000 to 1000 


10 000 to 100 000 ohms 


100 000 


1000 


10 000 to 1000 


0.1 to 1.0 megohm 


100 000 


10 000 


10 000 to 1000 


1 to 10 megohms* 


100 000 


100 000 


10 000 to 1000 



*On this range the accuracy is poor. 

This circuit may be used for pentodes with the addition of a screen supply. Under 
these conditions C 2 should have a rninimum capacitance of 1 ftF and C 4 a minimum 
capacitance of 0.1 ju.F (paper dielectric, 400 V working) for a maximum error of 1% 
in each case, while choke L x should have an inductance of at least 12.5 henrys for a 
maximum error of 1% (except on the maximum range), for a frequency of 1000 c/s. 

On the maximum range, the inductance of L x must be at least 125 henrys for a 
maximum error of 1 per cent., but the plate current through L x will normally be only a 
few milliamperes on this range. Thus two separate chokes will be required if the 
maximum range is to be used. Transformer 7\ should be electrostatically shielded, 
and its primary should have a resistance less than 50 ohms. Condenser C z is merely 
a blocking condenser of any convenient value, connected in series with the 1000 c/s 
source , it does not affect the readings. 

Condenser C 5 is for the purpose of balancing out capacitance currents ; it may be a 
single section of a gang condenser. 

The combination of mutual conductance, amplification factor and plate resistance 
into a single unit introduces serious design difficulties and necessitates difficult 
compromises. A more elaborate combined bridge using Tutde's method has been 
marketed by the General Radio Company and the theory is published in Ref. 2. 

Plate resistance may also be measured by the well known bridge circuit (e.g., see 
Refs. 8, 9, 18, 21, 22, S12). The quadrature current may be balanced out by a small 
capacitor in the arm of the bridge adjacent to the arm containing the unknown. 

References to the measurement of plate resistance : Refs. 2, 15, 16, 17, 18, 21, 22, 
33, 78, 79, 80, 81, 82, 84. 




Fig. 3.10. Method of testing for a.c. 
amplification (after RMA). 



Fig. 3.11. Method for testing for power 
output. 



(H) A.C. amplification 

The standard R.M.A. test for a.c. amplification (Ref. S7) is shown in Fig. 3.10. 
This is applied to audio frequency voltage amplifier pentodes, and to a-f voltage 
amplifier high-mu triodes. This is a resistance-coupled amplifier test normally per- 
formed at zero bias with a 10 megohm grid resistor. The internal impedance of the 
signal source should not exceed 2500 ohms. The test is made at rated heater or filament 
voltage and normally with a plate load resistor of 0.5 megohm, and an appropriately 
by-passed screen resistor in the case of a pentode. In performing this test, it is 
important to specify whether the output voltage is to be read across the plate load 
resistor alone (as in the R.M.A. test of Fig. 3.10) or across a capacitively-coupled 
following grid resistor of specified value. It is also important, if accurate results are 
to be obtained, that the valve voltmeter used be true r.m.s. reading — that is, one having 
a square-law characteristic. 

(I) Power output 

Power output from the plate may be measured under the conditions indicated in 
Fig. 3.1 1. The peak value of the sinusoidal voltage E g applied to the grid is normally 
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equal to the bias voltage E cc , unless otherwise specified. The signal frequency is 
preferably either 400 or 1000 c/s, in order to reduce the size of L and G. The impe- 
dance of the choke L at the signal frequency should be at least, say, 7 times the im- 
pedance of the load, while the reactance of C should be less than, say, one seventh of 
the load impedance. 

The power output meter for approximate and routine testing may be of the rectifier/ 
d.c. meter type. In this case the load resistance will be incorporated in the power 
output meter as drawn in Fig. 3.11. 

For accurate measurements, however, it is essential to measure either the true r.m.s. 
voltage across, or the current through, a load resistor of specified value and unity 
power factor. Generally the latter measurement is the more convenient as the current 
through the load may be measured by means of a thermo-couple ammeter. 

The power output of a Class B amplifier may be measured either with push-pull 
operation or on each section separately. In the latter case the load resistance is one 
quarter that of the plate-to-plate value for push-pull operation, and the unit not 
under test is tied to the cathode. The power output from one section., owing to shifting 
of the loadline, is greater than half the power output with push-pull operation (Ref. 
58), but the relationship must be established experimentally in each case. Alternatively, 
a resistive load may be connected directly in the plate circuit to give a closer approach 
to normal push-pull operation. The value of the resistance is arranged to be one 
quarter of the plate-to-plate load resistance with push-pull operation, and the plate 
supply voltage equal to the specified plate voltage for normal push-pull operation. 
Under these conditions the power output is given by (Ref. 58) : 

P ^2A7 (I b -0.25I bo yR L (4a) 

where P = power output from one section, in watts 

I b = direct plate current in amperes, as measured by a d.c. meter 
I bo = plate current with no signal, in amperes, 
•R L =load resistance per section, in ohms. 

The value of I 00 may be taken, with sufficient accuracy for many purposes, as the 
publ shed value. 

In r all cases with Class B amplifiers the specified value of input voltage is applied 
to the grid circuit in series with a specified value of resistance. The plate voltage 
source should have good voltage stability, an electronic voltage regulator being satis- 
factory. If a plate source impedance is specified, a series resistor of the appropriate 
value must be inserted in the plate supply circuit. 

The relevance of a particular output measured under specified conditions is signi- 
ficant only in relation to the distortion present under those conditions. 

(J) Distortion 

Distortion in the power output test may be measured by one of several suitable 
methods, provided that the signal source is truly sinusoidal. The effect of harmonics 
from the signal source may be reduced by connecting a low-pass filter between the 
signal source and the grid. 

The distortion may be measured by a harmonic analyser, of which several types have 
been described in the literature. When merely the value of the total harmonic dis- 
tortion is desired, as in deterrnining the undistorted output, those analysers which 
measure the root-mean-square value of all harmonics present are preferable to those 
which measure the separate harmonics. 

The method of Suits (Ref. 85) is a particularly good example of the type of analyser 
which measures the harmonics separately. The Suits method requires only the simp- 
lest apparatus, and where laboratory facilities are limited this advantage may outweigh 
the disadvantages involved in the computation of the total harmonic distortion. 

The Belfils analyser (Refs. 86, 87) utilizes an alternating-current Wheatstone-bridge 
balance for the suppression of the fundamental, and is particularly useful for direct 
measurement of the total harmonic distortion. For maximum convenience, the 
frequency of the audio-frequency source should be very stable. This instrument can 
be operated so that it is direct reading, by maintaining a constant input voltage. 
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In the McCurdy-Blye analyser (Ref. 88), low- and high-pass filters are used to 
separate the harmonics from the fundamental. This instrument is superior to the 
Belfils type in that the frequency of the source may vary somewhat without necessi- 
tating readjustment. 

A differential analyser especially designed for power-output work has been described 
by Ballantine and Cobb (Ref. 89). 

If an iron-cored choke is employed for shunt feed in the plate circuit (Fig. 3.11), 
care should be exercised in its selection or design to avoid the generation of harmonics 
in it due to the non-linear and hysteretic behaviour of the iron. 

For measurement of distortion see Chapter 14 Sects. 2, 3 ; Chapter 37 Sect. 3. 
(K) Microphony 

There is no published standard test for microphony outside of Service or manufac- 
turers' specifications. However an indication of the microphony of valves may be 
obtained using the same conditions as the R.M.A. standard audio frequency noise 
test (see below). It is reasonable to adjust the amplifier gain to be of the same order 
as the gain of the subsequent portion of the amplifier in which the valve is to operate. 
Nevertheless, valves unless specifically designed for low-level high-gain pre-amplifier 
use, should not be expected to be non-microphonic and free from noise at low levels 
when tested under such conditions. 

In radio receiver factories the valves are usually tested in the chassis in which they 
are to operate, the set being tuned to a signal generator with internal modulation, and 
the volume control set at maximum. Any microphonic sounds which quickly die 
away are not considered as cause for removal of the valve, but a sustained 
howl is so considered. Such a valve may not be microphonic in another 
position in the chassis or in another model of receiver. Actions to be 
taken to reduce microphony have been described in Chapter 35 Sect. 3(iv). Not- 
withstanding the considerations above, all valves cannot be expected to be non- 
microphonic when placed directly in the acoustic field of, and close to, the loudspeaker 
in a receiver, particularly in small cabinets. 

Ref. S2. 
(L) Audio frequency noise 

The R.M A., standard for audio frequency noise test is with normal voltages applied 
to all electrodes, and the plate of the valve under test is coupled to the input of an 
amplifier with a frequency range of 100 to 2000 c/s (±5 db of response at 400 c/s). 
A dynamic loudspeaker with a rating of at least 2.5 watts is connected to the output 
of the amplifier. The minimum external grid resistance is 100 000 ohms. The gain of 
the amplifier and the plate load resistance of the valve under test are to be as specified. 
The valve under test may be tapped lightly with a felt or cork mallet weighing not over 
\ ounce. Any objectionable noise heard in the loudspeaker, is cause for rejection 
(Ref. S7). See also Ref. S2. 
(M) Radio frequency noise 

The R.M.A. standard test for radio frequency noise is for normal voltages applied 
to all electrodes of the valve under test ; the plate is coupled to the input of a r-f 
amplifier (of a radio receiver) at a frequency within the range of 50 to 1600 Kc/s. 
The minimum band-width is to be 5 Kc/s at 10 times signal. The audio frequency 
response is to be within ±5 db of the response at 400 c/s over the frequency range 
from 100 to 2000 c/s. A suitable tuned transformer giving a resonant impedance of 
50 000 to 200 000 ohms is to be used to couple the valve under test to the amplifier. 
The external grid circuit impedance of the valve under test is to be from 5000 to 25 000 
ohms. Other conditions of test are as for the audio frequency noise test (Ref. S7). 
See also Ref. S2. 
(N) Blocking 

Tests on grid blocking are normally applied only to certain types subject to this 
characteristic. A valve may be tested for blocking by either of two methods. In the 
first method a high positive grid voltage (say 100 volts) is applied instantaneously 
with normal electrode voltages and the maximum value of grid resistance. The plate 
current should return to its initial value on the removal of the applied voltage. 
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The second method (" cross-over ") is to apply a gradually increasing positive grid 
voltage with substantially zero grid circuit resistance, and to plot the grid current 
characteristic for positive values of grid voltage up to the point at which the grid 
current changes from positive to negative (" cross-over " point). See Chapter 2 
Sect. 2(iii). 
(O) Stage gain testing 

A circuit such as that shown in Fig. 3.1 1A can be used to measure the gain of a r-f 
pentode operating under typical i-f amplifier conditions. Stage gain testing has the 
advantage of evaluating at the one time and under operating conditions at the appropri- 
ate frequency the effects of all valve characteristics which influence gain, such as mutual 
conductance, output impedance, input resistance, reverse grid current and even the 
effect of high screen or plate currents in increasing control grid bias or decreasing 
screen grid voltages 



fl-TVOLTMETER 




FIG. 3.IIA 



Fig. 3.11 A. Method of testing for i-f stage gain. 

In Fig. 3.11 A the input and output circuits are typical high-impedance i-f trans- 
formers with secondary tuning of the first and primary tuning of the second, adjustable 
from the front panel of the tester to allow accurate alignment with varying capacitances 
in the valves under test. The 1 megohm resistor represents the plate impedance of a 
preceding converter stage and the 0.25 megohm resistor simulates the impedance of a 
diode detector. Screen and bias resistors are designed to give the required voltages 
with a valve of bogie characteristics, and the high impedance in the control grid 
circuit allows the effect of reverse grid current to be evaluated. 

The output meter is calibrated to show stage gain in db for a given input at 455 Kc/s 
and limits are marked on the scale at a suitable number of db above and below the 
stage gain of a bogie valve. 
(P) Electrode dissipation 

The dissipation of an electrode is determined by subtracting the power output 
from that electrode— see Sect. 3(iv)I— from the d.c. power input to that electrode. 
Where the power output from an electrode is zero, the electrode dissipation is then 
equal to the d.c. power input, 
(v) Specific converter characteristics 
(A) Methods of operation including oscillator excitation 

A converter valve essentially includes two sections, an oscillator and a mixer, which 
may be either separate units supplied by independent cathode streams as in a triode- 
hexode or combined to use a single cathode stream as in the pentagrid types. The 
characteristics of a converter depend both on the electrode voltages of the mixer and 
oscillator and on the excitation of the mixer by the oscillator. 

For purposes of testing, the oscillator may be either self-excited or driven by an 
external source of alternating voltage of suitable amplitude ; alternatively a limited 
range of characteristics may be determined under purely static conditions with direct 
voltages only applied to the electrodes. In general, the latter is not recommended for 
routine testing outside of valve factories, owing to the practical difficulties of correlating 
characteristics with published characteristics obtained under oscillating conditions. 
(1) Oscillator self-excited 

This is the normal method of operation in most radio receivers, and although it has 
much to commend it as a simultaneous test of both mixer and oscillator sections, the 
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oscillator circuit characteristics require to be specified exactly and closely controlled 
in order to obtain consistent results. For general service testing, less critical methods 
are therefore to be preferred. This method of testing, with a self-excited oscillator, 
requires a completely specified oscillator coil, particularly as regards the resonant 
impedances presented by the circuit to the valve which, together with the electrode 
voltages, determine the peak and average plate currents of the various electrodes. In 
practice, it is usually convenient to standardize the circuit by using a valve having 
specified characteristics under particular conditions (transconductance, amplification 
factor, plate current) and adjusting the resonant impedance of the tuned circuit by 
means of the shunting resistor to give a prescribed grid current. 

The oscillator frequency is usually either an audio frequency or 1 Mc/s, the latter 
being more typical of normal operation 

(2) Oscillator driven 

This is a fairly commonly used test, because it has less dependence of the mixer on 
the oscillator characteristics. It suffers from the disadvantage, however, that inasmuch 
as the driving voltage is applied to the oscillator grid, it does not provide a satisfactory 
test of oscillator characteristics . With this method of testing, if grid current is regarded 
as a criterion of oscillator characteristics, the oscillator emission needs to be adequate 
only to supply the rectified current resulting from the excitation but may be quite 
inadequate to supply the high peak oscillator plate currents which may occur in normal 
operation, the values of which depend upon the impedance in the oscillator plate 
circuit. 

For this reason, it is generally more satisfactory in service testing to use the driven 
method with prescribed excitation to test the mixer characteristics and to test the 
oscillator by means of either a transconductance test at a high plate current or a 
prescribed self-excited oscillator circuit test which calls for a reasonably high peak 
plate current, with rectified grid current as the criterion. In the latter case provided 
the oscillator circuit characteristics, that is the resonant impedances presented to the 
valve, are precisely specified the test is not critical as regards grid current. 

(3) Static operation 

With this method of testing, static voltages are applied to all electrodes and the 
electrode currents are measured. 
(B) Specific characteristics 
(a) Reverse signal grid current 

This test is performed under the same general conditions as for triodes and pentodes, 
except that the method of operation may be with the oscillator self-excited, or with the 
oscillator driven, or with static operation. 
Cb) Signal grid current commencement 

In general this test may be performed as for triodes and pentodes, except that the 
oscillator may be either self-excited or driven. 

(c) Mixer positive voltage electrode currents 

These may be measured, in general, as for triodes and pentodes, except that the 
oscillator may be either self-excited or driven. 

(d) Mixer conversion transconductance* 

Mixer conversion transconductance is determined from measurements of the 
magnitude of a beat-frequency component, (/i— / 2 ) or (/i+/ 2 ), of the output current, 
and the magnitude of the input voltage of frequency f x where / 2 is the oscillator fre- 
quency. The method of measurement which has been standardized by JAN-1A (Ref. 
S2) and R.M.A. (Ref. S7), and which uses a driven oscillator, is to apply voltages of 
identical phase and frequency— usually mains frequency for convenience— to the 
specified electrodes (that is the signal and oscillator grids) with provision for a phase 
reversal of 180° of one with respect to the other. The change in direct plate current due 
to the phase reversal represents the difference-frequency plate-current component. 

*Also referred to as conversion conductance. Mixer conversion transconductance is defined as the 
quotient of the magnitude of a single beat-frequency component (/i +/ 2 ) or (f\ — fi) of the output 
electrode current by the magnitude of the control-electrode voltage of frequency fi, under the conditions 
that all direct electrode voltages and the magnitude of the electrode alternating voltage / 2 remain constant 
and that no impedances at the frequencies /i or/ 2 are present in the output circuit, and that the magni- 
tude of the signal voltage /i is very small. 
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This value divided by twice the peak value of the sinusoidal voltage applied to the 
signal input electrode is taken as the mixer conversion transconductance. Specified 
voltages are applied to the valve electrodes under specified circuit conditions and the 
oscillator excitation voltage is adjusted to the specified value or to give the specified 
oscillator grid current. Other methods of testing are acceptable if correlated with this 
method. 

The relationship may be expressed in the form 

S<-=-^5 (4b) 

where g e = conversion conductance in mhos 

7 I)1 =plate current for the in-phase condition of signal and oscillator voltages 

E t and E % in amperes 
/ 62 = plate current for the out-of-phase condition of E x and E iy in amperes 
and Ei m =peak vame of the signal voltage. 

It should be clearly understood that the value of conversion transconductance 
measured by this method is dependent on the signal grid voltage and on the curvature 
of the mixer characteristics and consequently only approaches a true " differential " 
transconductance at the point of operation, as distinct from an average value, if the 
signal grid voltage amplitude is sufficiently small. In most cases, if the signal grid 
voltage does not exceed say 25 mV, exact correlation can be obtained for all types. 
At higher values, up to 100 mV, the error may be acceptable, depending upon the type 
and the condition of operation. 
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Fig. 3.12. Phase reversal 
method of measuring con- 
version transconductance. 



The circuit is shown in Fig. 3.12 in which one double-wound transfonner, 7\ 
with two secondary windings provides the signal and oscillator voltages, which are 
controlled by means of potentiometers Ri and R z . A switch 5 permits phase reversal 
of the signal voltage. The grid coupling capacitor Cj and grid resistor R t are provided, 
with a meter to measure oscillator grid current through R t . In the plate circuit of the 
valve under test there is a by-pass capacitor C 2 and iron-cored choke L to pass the 
direct current l b from the plate voltage source E bb . The increase in plate current is 
measured by the low resistance microammeter M after the standing current J bi 
has been " bucked out " by the bucking battery B and rheostat R 3 which should have 
a mi n i m um resistance at least 100 times that of the microammeter. 

In order to obtain exact results, as indicated previously, very small signal voltages 
are required, which produce only small incremental readings of plate current and demand 
stabilized electrode voltage sources. In any particular case, the signal voltage may be 
increased until the error due to the large signal voltage becomes measurable, and tests 
should then be carried out at a somewhat lower signal voltage. 

If a signal voltage of 1/2 V 2 volt (0.5 volt peak) is used, the incremental plate current 
in milliamps then reads conversion transconductance in muliamps per volt. It seems 
that values of transconductance frequently quoted in published data are obtained 
using the above-mentioned value of signal voltage, as in many cases the true conversion 
transconductance under the conditions published differs from this value. As a result, 
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it is frequently difficult to calculate the exact performance of converter stages from 
published data of the converter used. 

The shape of the curve of conversion transconductance plotted against oscillator 
grid current is very much influenced by the signal voltage used in the tests. The actual 
operating conversion transconductance in a practical case is a function of the input 
signal level. 

The phase-shift method of testing conversion transconductance is the only absolute 
experimental method of measuring this characteristic, and accurate results can be 
obtained provided all electrode voltages, including signal and oscillator excitation 
voltages, are well stabilized, the electrode supply voltages free from hum, the excitation 
voltages sinusoidal, of low frequency and correct phase and the signal grid voltage 
sufficiently small. 
Side-band method 

The side-band method of measuring conversion transconductance is shown by the 
circuit of Fig. 3.13. The oscillator may be either self-excited at any convenient 
frequency, say 1 Mc/s as in Fig. 3.13, or may be driven. A signal voltage E x at audio 
frequency (say 1000 c/s) is applied to the control grid. The oscillator is adjusted to give 
the required grid current through the specified grid resistor R 2 . In the plate circuit there 
is a resonant circuit LiCi, tuned to the oscillator frequency and shunted by a resistance 
R u the value of which should be as low as possible and which should not exceed 
10 000 ohms. 




FIG. 3.13 

Fig. 3.13. Side-band method of measuring conversion transconductance. 

The voltage across the resonant circuit comprising the oscillator frequency, the signal 
frequency and the two resulting sidebands are applied to a radio frequency amplifier 
followed by a diode detector across whose diode load is connected a valve voltmeter 
to indicate the amplitude of the audio frequency components . If an r-f amplifier is not 
used, the region of non-linearity of the diode characteristic results in the calibration of 
the system being dependent on the voltage developed across the tuned circuit and would 
thus be unsatisfactory for valves of low conversion conductance. However, the r-f 
amplifier may be omitted provided the signal applied to the diode is sufficiently high 
to ensure linear rectification. Where this is not so, the simplified circuit may not be 
suitable for measurements of low values of conversion conductance. 

If the r-f amplifier is omitted, the signal voltage E x may be about 0.5 volt peak, and 
R 1 may be 10 000 ohms. 

The tester must be calibrated against the standard phase reversal method and the 
circuit may be adjusted so that the meter is direct reading. 

(e) Mixer plate resistance 

This may be measured either with a self-excited or driven oscillator, the value of 
plate resistance being not affected by the method used. Measurement of plate resistance 
is performed as for a pentode, except for the excitation of the oscillator. 

(f) Mixer transconductance 

This may be measured as for a pentode valve, except that the oscillator should be 
either self-excited or driven. 

(g) Oscillator grid current 

The oscillator performance of a converter valve depends upon several valve and 
circuit parameters that are not simply denned. 
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The oscillator grid current may be used as the criterion of oscillator performance 
in a self-excited oscillator, operating under specified conditions. The circuit should 
be designed to draw typical peak and average total space currents. The Boonton 
Converter Oscillator test circuit is widely used to check oscillator performance, owing 
to its simplicity of design and ease of adjustment and control and, while not giving an 
exact criterion of oscillator performance, does provide a dynamic test of the usual 
parameters under conditions that simulate average receiver operation. 




Fig. 3.14. Self-excited oscillatory using 

the Hartley circuit, for testing oscillator 

performance. 



FIG. 3.14 



The circuit (Fig. 3.14) is a series-fed Hartley having a fixed feedback ratio and having 
the tank circuit impedance variable so that the magnitude of oscillation may be 
adjusted. Normal voltages are applied to all electrodes. 

It is necessary to specify the oscillator plate voltage, oscillator plate series 
resistor (if used), oscillator grid resistor (R g ) the inductance of each section of the coil 
(L 15 Li), the mutual inductance between the two sections (M), the capacitance shunted 
across the whole coil (C), the grid coupling capacitance (C s ), and the resonant imped- 
ance of the tuned circuit (Ra). Normally a coil having a higher reactance than the 
specified value of resonant impedance is used and is shunted by a variable resistance 
(R t ) to give the specified resonant impedance. Bias is obtained by means of a capacitor 
and a wire-wound gridleak. The wire-wound grid resistor is used because it has con- 
siderably higher impedance to radio frequencies than to direct current. The high 
radio-frequency impedance diminishes the shunting effect of the gridleak on the tuned 
circuit. The rectified grid current is read on a microammeter (suitably by-passed) in 
series with the grid resistor. Before the test oscillator is used, the relationship between 
the tuned impedance of the tank circuit and the setting of the variable resistor must 
be determined 

The R.M.A. standard (Ref. S7) and JAN-1A (Ref. S2, sheet dated 19 July, 1944) 
specify the component and coil design values as being : C=100 fifiF (mica) ; C a = 
200 /n/xF (mica) ; R x =50 000 ohms potentiometer ; R g = 50 000 ohms wire-wound 
resistor ; 1^=83 ^H ; L 2 =48 iM : Af=23.3 fiH ; coil diameter = 1.25in. ; winding 
length =59/64 in. ; wire No. 30 a.w.g. enamelled copper ; turns =83 ; tap at 33 
turns from anode end. See also Ref. S12. 

The constants quoted above have been selected to simulate average circuit conditions 
in broadcast receivers for composite converters having transconductances less than 
1500 fimhos at zero bias. For valves having higher transconductances or for circuits 
above broadcast frequencies, the circuit with the constants given may not be satis- 
factory, as spurious oscillations may make it impossible to obtain correlation between 
test readings and receiver performance. 

The ability of a valve to oscillate when the shunt impedance of a tank circuit is low 
is one criterion of the value of a valve as an oscillator. The oscillation test is made by 
applying the desired electrode potentials to the valve under test and reading the rectified 
grid current at some known setting of tank-circuit impedance. A valve that will not 
oscillate with the tank-circuit impedance below about 9000 ohms is considered to be a 
w?ak oscillator. A valve that will oscillate with a tank-circuit impedance as low as 
3000 ohms is considered to be a strong oscillator. The minimum tuned impedance at 
which oscillation will start or cease as indicated by the rectified grid current wiU 
depend on the oscillator characteristics of the particular type and will vary from type 
tb type. 
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(h) Oscillator plate current 

The oscillator plate current may be read while the valve is being tested for grid current 
as a self-excited oscillator, or alternatively at zero grid voltage and specified plate 
voltage (usually 100 volts), 
(i) Oscillator transconductance 

The oscillator transconductance is usually measured at zero grid voltage and specified 
plate voltage (usually 100 volts), 
(j) Oscillator amplification factor 

The oscillator amplification factor is measured as for any triode, usually with a plate 
voltage of 100 volts and zero grid voltage, 
(k) Oscillator plate resistance 

The oscillator plate resistance is measured as for any triode, usually with a plate 
voltage of 100 volts and zero grid voltage 
(1) Signal grid blocking 

Signal grid blocking may be treated as for the general case of grid blocking in Sect. 
3(iv)N. 
(m) Microphony 

The general remarks in Sect. 3(iv)K regarding microphony apply also to converters, 
(n) R-F noise 

Converters may be tested for r-f noise under published electrode voltage and typical 
receiver circuit conditions, following the relevant recommendations of the R.M.A. 
r-f noise test— see Sect. 3(iv)M. 
(vi) Tests for special characteristics 

The following tests are not normally applied to receiving type valves and the 
undermentioned information is provided to assist designers in obtaining data of these 
characteristics a or parti cu^ar purposes. 
(A) Short-circuit input admittance (y u ) 

At frequencies up to 10 Mc/s it is possible to use conventional bridge methods for the 
measurement of the four admittances, but at higher frequencies some version of the 
susceptance-variation or resistance-substitution method is necessary. 




Fig. 3.15. Semi-schematic diagram of equipment for measuring admittances by the 
susceptance-variation method (Ref. S12). 

T is the 4 terminal transducer to be measured, Y x and F 2 <&& calibrated variable-admittance 
elements which may be of various forms, such as coils or capacitors. V x and V 2 are signal- 
frequency voltage-measuring devices ; these may be simply crystal or diode voltmeters or 
heterodyne receivers. Variable admittances Y cl and Y c2 are used for coupling the input 
or output circuits to the signal oscillators. 

(1) Susceptance-variation method of measurement (Refs. 51, S12) 

In this method, the circuit is detuned with either the capacitor or the inductor 
adjustment to a point giving half the power output observed at resonance. The incre- 
ment in susceptance, determined from the capacitance calibration curves, is then equal 
to the circuit conductance. In practice, the mean value obtained by using the half- 
power points on each side of resonance is used. 
Using the circuit of Fig. 3.15 (Ref. S 12) - 

(a) Short-circuit the output terminals 2-2. This may be done either by detuning 
F 2 sufficiently or by placing a suitable by-pass capacitor directly across terminals 2-2. 

(b) Excite the input circuit by coupling the signal oscillator loosely through Y cl 
to y,. 
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(c) Adjust Y x for resonance as indicated by a maximum reading of V x . In order to 
insure that the coupling to the oscillator is sufficiently small, reduce the coupling until 
further reduction does not change the setting of Y x for resonance. Record the cali- 
brated values of G x and B x for this setting. 

(d) Vary Y x on either side of resonance until the voltage V t is reduced by a factor 
1/V2. Record the calibrated values of this total variation of Y x between half-power 
points as AG X and AB X . In order to insure that the oscillator and detector are not 
loading the circuit, reduce the coupling until further reduction does not change the 
susceptance variation AB X . The short-circuit input susceptance is then given by the 
relation 

B 11 =-B l (5) 

aad the short-circuit input conductance by the relation 

3'ii=i^ 1 [(l+2 1? 8 )* + i ? ]-G 1 (6) 

orvu^i^iLl + ^+^J-Gx (7) 

or even further by the relation 

y 11 tia^AB 1 -G 1 (8) 

if i) is negligible. 

FIG. 3.16 
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Fig. 3.16. Circuit diagram of equipment used for measurement of short-circuit input 

admittance (Ref. 51). 



A practical form (Ref. 51) for the frequency range 50 to 150 Mc/s is shown in Figs 
3.16 and 3.17. The valve under test is used as a part of a resonant circuit which includes 
a continuously-variable inductor and a small concentric-cylinder capacitor built on a 
micrometer head. The high-potential end of the inductor is connected to the high- 
potential electrode of the micrometer capacitor inside a cylindrical cavity open at the 
top. Fig. 3.17 also shows the positions of some of the by-pass capacitors used with the 
octal socket. These are button-type, silver-mica capacitors of approximately 500 ju/iF 
capacitance. The socket is of the moulded phenolic type. Terminals 1, 3, 5 and 7 are 
connected directly to the mounting plate at a point directly below the terminal in each 
instance. Terminals 2 (heater) and 6 (screen grid) are by-passed to ground, and a lead 
is brought from each of these terminals through the mounting plate to a small r-f 
choke and a second by-pass capacitor. Terminal 8 (plate) is by-passed and fitted 
with a spring contacting the terminal for one of the circuits. Terminal 4 (grid) has 
only the contact spring. A similar arrangement is used with miniature valves. In 
this case, the socket is of the wafer type with mica-filled rubber insulation. Terminals 
2, 3 and 7 are grounded and terminals 4, 5 and 6 are by-passed to ground. Terminals 
1 (grid) and 5 (plate) have contact springs. The by-pass capacitors are closer to the 
mounting plate than in the case of the octal socket ; the capacitors at terminals 4 and 
6 overlap the capacitor to terminal 5. A 10 ohm resistor, mounted inside a cylindrical 
shield to minimize lead inductance, is connected between socket terminal 5 (plate) 
and the by-pass capacitor. This component was added to suppress a parasitic oscilla- 
tion observed with certain type 6AK5 valves. The resistor was found to have no 
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Fig. 3.17. Physical arrangement of circuit elements of Fig. 3.16 (Ref. 51). 

measurable effect on input admittance readings obtained with valves, either of the 
6AK5 type or of other types, not subject to the parasitic oscillation. 

In order to obtain susceptance values, the circuit must first be calibrated for the 
capacitance required for resonance at each test frequency. The circuit is calibrated 
by determining the inductor settings for resonance with each of a number of small, 
disc-shaped, calibrating capacitors substituted for the valve. The insert in the lower 
left corner of Fig. 3.17 shows a cutaway view of the cavity with one of the calibrating 
capacitors in place. The length of the phosphor-bronze contact spring used with the 
calibrating capacitors is approximately the same as that used with the valve. Thus, 
the inductance of this lead is accounted for in the calibrating procedure. The reference 
terminals for the valve are the socket plate and the grid terminal of the socket or, 
possibly, a point on the grid terminal a little inside the body of the socket. The 
calculated inductance of the contact spring is 4.5 miUi-microhenries per centimeter of 
length within about ±25 per cent., but the difference in effective lengths of the springs 
for the socket connection and the calibrating connection is not more than 2 or 3 
millimeters. 

The range of the micrometer capacitor is sufficient for measurements of the circuit 
with the calibrating capacitors, with most cold valves, and with some valves under 
operating conditions. For other cases, adjustment of the inductor is required. 

If the conductance being measured is small enough to be measured by the available 
range of the micrometer capacitor, the susceptance and conductance variations between 
1/V*2 voltage points are given by 

AB=a>AC 
and AG=0 
where a> is the angular frequency of measurement and AC is the micrometer capaci- 
tance variation between the half-power points. 

The cab'bration curves used at each test frequency are : 

(1) Capacitance for resonance 

(2) Slope of the capacitance curve 

(3) Conductance at resonance of the circuit with the calibrating capacitors. 
These three quantities are plotted against the inductor adjustment readings. Since 
the conductance values for the calibrating capacitors themselves are too small to affect 
the calibration appreciably, the conductance curve corresponds, essentially, to the 
equipment. 
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(2) Resistance-substitution method of measurement 

The resistance-substitution method applies only to the measurement of the conduc- 
tive component of the admittance. The susceptive component must be measured by 
means of a calibrated susceptance element, as for the susceptance-variation method of 
measurement. Ideally, the resistance-substitution method involves, in the case of a 
two-terminal admittance, the removal of the electron-tube transducer from the 
calibrated admittance element and its replacement by a standard pure resistance of 
such a value that the voltage reading between the two terminals is the same as that 
obtained with the transducer in place. The calibrated susceptance element must be 
adjusted to resonance both before and after substitution of the resistance. If the 
measurement is of v n , the following relations are obtained : 

B 11 =-B l (9) 

as in (1) above, and 

G u = l/R (10) 

where R is the standard resistance of a value that satisfies (10). 

There are practical difficulties in obtaining standard resistors having negligible 
reactance at frequencies of the order of 100 Mc/s or higher. Wire-wound resistors are 
not usable at such frequencies . The most satisfactory types available are the metallized- 
glass or ceramic-rod resistors of relatively small physical size, having low-inductance 
terminals and very little distributed capacitance. A further difficulty arises from the 
fact that such resistors are obtainable only in discrete values of resistance. It would 
not be practicable to obtain the very large number of resistors needed to match the 
resistance of any electron-tube transducer. Hence, it is necessary to utilize a trans- 
formation property of the admittance-measuring equipment in order to match any 
arbitrary admittance with some one of a reasonably small set of standard resistors. 
A suitable resistance-substitution set consists of a transmission line of length / short- 
circuited at one end, having a characteristic admittance Y and a propagation constant 
y. If a known admittance Y is placed across the line at a distance x from the short- 
circuited end, the admittance Y t at the open end of the line is given by the relation 

1 



Y. = Y 



sinh yx 
sinh yl 



Y sinh yx 
Y sinh yl 



sinh y (I— x) 



(11) 



Conversely, the admittance Y t is the admittance that would have to be placed at the 
open end of the line to produce the same effect there as the known admittance Y at the 
position x. Equation (11) then represents the property of the transmission line of 
converting admittance Y at position x into admittance Y t at position /. This expression 
can be simplified for a low-loss line having a characteristic admittance Y large com- 
pared with the bridging admittance Y. Thus if Y *^> Y, 

| Y sinhyx 

sinhy(/— x) 



Y sinhyf — ' v * "' <l > 
and the real part of the propagation constant y of the line is small, 



where j3=2w/A Equation (11; then simplifies to 




If Y is a pure conductance of value 1/R, then Y t is the pure conductance 



(12) 



(13) 



(14) 



(15) 



In the measurement of the short-circuit input admittance Y u , a low-loss transmission 
line of large characteristic admittance is coupled loosely to an oscillator near the short- 
circuited end. At the open end are a voltage-detecting device and a calibrated 
capacitor, by means of which jB n is obtained from (9). With the unknown transducer 
across the open end and the capacitor adjusted to obtain resonance, a voltage reading 
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is taken. The transducer is removed and one of the standard resistors placed across the 
line bridging the two conductors. The position of this resistor along the line is then 
adjusted and the system is readjusted for resonance with the calibrated capacitor until 
the voltage, as measured at the end of the line, is the same as before. By (15) we have 

"Vin/teT (16) 



Gu=G T =- 



sin 81 



where R is the resistance of the standard placed x centimeters from the short-circuited 
end of the line. It is evident that a resistor must be selected having a resistance value 
near to but not larger than the reciprocal of G n . 

Since the transmission line should have low loss and low characteristic impedance, 
a coaxial line is desirable. The line will require a longitudinal opening or slot in order 
to permit one of the standard resistors to bridge the line at an adjustable position to 
satisfy the required voltage condition. A valve voltmeter is capacitively coupled 
to the open end of the line across which the electron-tube transducer may be attached. 
Socket and filter arrangements for wire-lead valves can be attached to this line. 
Radiation difficulties arising from the longitudinal opening in the line, together with 
the increasing difficulty in obtaining resistance standards at frequencies much above 
300 Mc/s, appear to make this type of measuring equipment impracticable for measure- 
ments at higher frequencies on surface-lead valves. Ref. SI 2. 

(B) Short-circuit feedback admittance (y 12 ) 
Susceptance-variation method of measurement 

See (A) I above for general description. 

(a) With the input termination still set at the value for resonance obtained in step (c) 
in (A) above, excite the output circuit through Y C2 . In the event that oscillation diffi- 
culties are encountered, detune the output circuit Y 2 or load it until oscillation stops. 

(b) Record the voltmeter readings V\ and V 2 . 

The magnitude of the feedback admittance is then given by the relation 



\yu\ = 



vaabJ 



ABjlVJ 



(17) 
(18) 



\y»\^-2\v M \ (19) 

where AG t and AB X are the values obtained in the preceding measurement of y n . 
Ref. S12. 

(C) Short-circuit output admittance (v 22 ) 

The short-circuit output admittance may be measured by following the procedure 
outlined for the short-circuit input admittance, the signal being coupled through Y c2 . 
If the subscripts 1 and 2 are interchanged, all of the above formulae concerning y u 
may be used to relate v 22 to the measured data. 

Ref. S12. 

(D) Short-circuit forward admittance (y 2l ) 

The magnitude of the forward admittance may be measured by following the 
procedure outlined previously for the measurement of the magnitude of y 12 . If the 
subscripts 1 and 2 are interchanged, all of the formulae concerning y 12 may be used to 
relate y 21 to the measured data. 

Ref S12. 

(E) Perveance 

(1) Perveance of a diode 

The perveance of a diode may be derived by plotting the current against the three- 
halves power of the voltage, when the slope of the curve will give the value of G. 
Voltages should be chosen sufficiently high so that such effects as those produced by 
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contact potential and initial electron velocity are unimportant. If this is not possible, 
a correction voltage e should be added to the diode voltage, where 
€=(3/2)1 b r b -e b 
where r 6 =anode resistance of diode. 
Ref. S12. 

(2) Perveance of a triode 

The perveance of a triode may be derived as for a diode where the diode anode 
voltage is taken as the composite controlling voltage 

< = TTcXv) (20) 

Multi-grid valves may be considered, with sufficient accuracy for most purposes, as 
modes with the screen grid as the anode and the screen grid voltage as the anode 
voltage. 

Low voltage correction— The effects of initial electron velocity and contact 
potential may be represented by an internal correction voltage e that is added to the 
composite controlling voltage, where 

e 2g m (p+l) /H-l W 

The value of g m to be used is that obtained with all the electrodes except the cathode 
and control grid tied together to form an anode which is held at the voltage ordinarily 
used for the screen grid. 
Ref. S12. 

(▼ii) Characteristics by pulse methods — point by point 

The characteristics of valves in the region where electrode dissipations or currents 
exceed safe values may be obtained by pulse methods, in which the valve is allowed to 
pass currant only for short intervals of such duration and recurrence frequency that 
it is not damaged. 
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Fig. 3.18. Circuit for measuring electrode currents using single pulse generator method 
(I^peak-reading current indicator, E= peak-reading voltage indicator, V=moving coil 
voltmeter). If high accuracy is required, correction should be made for the voltage drop 
across the current indicators. The regulation of the electrode supplies is not important 
for point by point testing, provided that the shunt capacitors are sufficiently large. 



(a) Single generator method 

The valve is operated with the desired screen and plate voltages, but with the grid 
biased beyond cut-off, in the absence of pulses (Fig. 3.18). If secondary emission effects 
produce a negative impedance, the pulse generator must be shunted by a non-inductive 
load resistor of such value as to maintain an overall positive impedance at its terminals. 
Refs. 38, S12. 
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(b) Multiple generator method 

With this method, no direct voltages are applied but each electrode has its own pulse 
generator, all generators having their pulses synchronized. This method is not 
commonly employed with receiving type valves. Refs. 68, 72, S12. 

References to characteristics by pulse methods : Refs. 38, 68, 72, 93, S12. 

(c) Pulse generators 

Pulse generators are of several types. In the capacitor discharge type a condenser 
is switched from charge to discharge through the valve under test. If there is no series 
impedance, the peak voltage applied to the valve is equal to the charging voltage. 
However, because of the very short duration of the pulse, an accurate current indicator 
is difficult to design. 

Refs. 68, 69, S12. 

A rectangular pulse shape is obtainable from a direct supply source in series with a 
high-vacuum triode (or several in parallel) whose grid is normally biased beyond cut-off. 
A rectangular control pulse, obtainable from a conventional source, is applied in the 
grid circuit to permit the triode to conduct only during the duration of the pulse. 
(Ref. S12). Alternatively an ignitron may be used (Ref. 38). 

A half sine-wave, or portion of a half sine-wave, pulse is obtainable from an alter- 
nating source with gas triode or other control to provide the desired gap between 
pulses. Alternatively a d.c. source may be used with a gas triode and LC network. 
Ref. S12. 

(d) Peak-reading voltage and current indicators 

The input circuit must have a time constant that is large with respect to the time 
interval between successive pulses. The greatest accuracy is obtained with a rectan- 
gular waveform, good accuracy may be obtained from a half sine-wave, while the 
sharply peaked capacitor discharge method is the least accurate. 

A peak-reading voltage indicator may be employed to indicate peak current by using 
it to measure the peak voltage drop across a non-inductive resistor of known resistance. 

One form of indicator is a diode type valve voltmeter with a high resistance load 
shunted by a large capacitance. The use of this indicator for current-measuring 
purposes may result in serious errors if the electrode characteristic of the valve under 
test exhibits any negative slope. 

A cathode ray oscillograph may be used directly to measure peak voltage, or peak 
voltage drop across a non-inductive resistor of known resistance, provided that there is 
no negative slope in the electrode characteristics. If negative slope is likely to occur, 
a linear horizontal sweep voltage, synchronised 'to the pulse generator frequency, 
may be used to spread out the current trace. In this manner the detection of possible 
errors is simplified. The vertical deflection corresponding to the maximum horizontal 
deflection is the one required ; for characteristics having only positive slopes, this 
vertical deflection will also be the maximum. 

Amplifiers may be used provided that they are designed with sufficient bandwidth 
and sufficiently linear phase-frequency response for the high-frequency components 
of the pulse. The attenuator should be capacitively balanced, making the ratio of 
capacitance to resistance of all sections alike. 

Reference to peak-reading indicators : Ref. S12. 

(viii) Characteristics by curve tracer methods 

A characteristic curve may be traced on the screen of a C.R. tube, using a suitable 
type of pulse generator for one electrode and fixed voltages for the other electrodes. 
The simplest characteristic for this purpose is the grid voltage versus plate current 
characteristic, either with zero plate load resistance or with a specified load resistor 
(" dynamic " characteristic). 

A triangular or half sine-wave pulse generator characteristic is satisfactory. The 
grid is normally biased beyond cut-off, but is swung over the useful range of voltages 
by the pulse. 
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The plate voltage versus plate current characteristic may be traced by maintaining 
the grid (and screen, if any) at constant voltage and by applying the pulse voltage to 
the plate. This requires a peak voltage of several hundred volts for receiving valves, 
together with high peak currents. The grid voltage must be maintained constant, the 
regulation requirements being severe. The regulation requirements of the other 
electrodes are not important, if large capacitors are used. 

A method of showing the two axes for any single characteristic is described in Ref. 73 
which makes use of a standard vibrator. 

References to curve tracer methods : 37, 39, 69, 70, 71, 72. 

Display of valve characteristics 

If it is desired to view a family of curves, the voltage of one electrode must be 
changed in steps for successive pulses. This may be accomplished by means of 
synchronous contactors (Refs. 34, 35, 36) or by electronic means (Ref. 39). Good 
regulation (high stability) for the electrode voltage supplies is very important. 

See also Refs. 37, 90, 94, 96, S12. 



SECTION 4 : ACCEPTANCE TESTING 

(i) Relevant characteristics (ii) Valve specifications (Hi) Testing procedure. 

(i) Relevant characteristics 

The relevant characteristics for acceptance testing are those characteristics that are 
subject to deterioration subsequent to manufacture, it being assumed that the valves 
have satisfactorily passed the valve manufacturing test specification. These relevant 
characteristics for acceptance testing may be divided into mechanical and electrical 
characteristics. 

Mechanical characteristics that require checking for faults include loose bases and 
top caps, dry joints in connections, cracks in envelopes caused by glass strain, damage 
resulting from inherent strain or careless handling, damage to internal structure 
resulting in misalignment of electrodes, shorts and open circuits, loss of vacuum, 
noise and microphony from excessive handling causing damage to the mount and micas. 

Electrical characteristics that require checking for faults include gas, a relevant 
dynamic test, emission and noise. 

(ii) Valve specifications 

The most widely known of the official specifications are those of the British (K1001) 
and American (JAN-1A) authorities covering types used in their respective areas. 

(iii) Testing procedure 

The testing procedure in each case is as laid down in the prescribed specifications. 
Where, however, valves do not require to be accepted to a prescribed specification, 
it is satisfactory to adopt the following procedure : 

(a) Visually inspect all valves 100 per cent, for mechanical defects. 

(b) Test all valves 100 per cent, for shorts and open circuits. 

(c) Select at random from all the valves a representative sample (or samples) and 
test for a suitable dynamic characteristic using established statistical acceptance pro- 
cedure. The test selected should give a satisfactory indication of the overall per- 
formance of the type in its normal application. 

References to sampling inspection : Refs. 42, 43, 44. 
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SECTION 5: SERVICE TESTING AND SERVICE TESTER 

PRACTICE* 

(i) Purpose and scope of service testing and discussion of associated problems, 
(ii) Fundamental characteristics which should be tested, 
(iii) Types of commercial testers, 
(iv) Methods of testing characteristics in commercial service testers 

(a) Shorts testing 

(b) Continuity testing 

(c) Heater to cathode leakage 

(d) Emission testing 

(e) Mutual conductance testing 

(f ) Plate conductance testing 

(g) Reverse grid current testing 
(h) Power output testing 

(i) Conversion conductance testing 

(j) Oscillator mutual conductance testing 

(k) Noise testing 

(1) A.C. amplification testing. 
(v) A.C. versus d.c. electrode voltages in testers, 
(vi) Pre-heating. 
(vii) Testing procedure. 

(i) Purpose and scope of service testing and discussion of associated 
problems 

Service testing is only carried out on valves which have previously been factory 
tested and which have also operated satisfactorily in a new receiver. The faults to be 
expected are those which may occur after manufacture. 

Service testing is for the purpose of determining either 

(1) whether or not a valve in working condition has reached the point in life when it 
should be replaced, or (2) whether a valve with unknown history is faulty or not. 

The determination of the point of life when a valve should be replaced is a very 
complex problem. This is a function of the application of the valve and of the standard 
of performance expected by the user. For example, a valve which still operates 
reasonably well as a resistance-coupled amplifier may yet give low gain as an r-f 
amplifier, and a valve which will still operate as an amplifier may fail to oscillate when 
used in the oscillator position. A receiver with old valves in the r-f and i-f stages 
may have very much less gain that it would have with new valves, but the effect may 
not be noticed by the user unless the set is used for the reception of weak signals. 

A list of the generally accepted life test end-points is given in Sect. 2(iv)b. 

The radio service-man is usually called upon to test a number of valves, frequendy 
the whole valve complement of a receiver, to determine which (if any) is faulty. If 
one is obviously faulty, for example due to a short-circuit, open-circuit, gas, or extreme- 
ly low emission, the problem is simple. In other cases it is helpful to test the valves 
in the original receiver, with a second complement of new valves for comparison, to 
make certain that the receiver itself is not faulty If the original receiver is not acces- 
sible, the valves may be plugged into another receiver (preferably of the same model) 
for- test. 

Microphony should be checked in the original receiver. Motor-boating may be 
due to gas or grid emission, but it may also be caused by a faulty component in the 
receiver. Distortion is generally due to the power valve, but may also be caused by a 
defective filter by-pass capacitance in the receiver and in some cases by the signal 
diode or a defective resistor. Hum is usually caused by heater-to-cathode leakage or 
breakdown in the valve or a faulty filter capacitor in the circuit. 

*The assistance of A. H Wardale, Member I.R.E. (U.S.A.) and D. H. Connolly, A.S:T;C. is ack- 
nowledged. 
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(ii) Fundamental characteristics which should be tested 

The fundamental characteristics which should be capable of being tested in a service 
tester are 

(a) Shorts and continuity. 
Testing for short circuits is essential. 

Testing for continuity of the electrodes is highly desirable. 

(b) Dynamic tests. 

The dynamic tests which should be carried out in a service tester are 



Class of valve 



Preferred test 



Rectifier (power diode) 
Signal diode 
Triode 5 low mu 
Triode, high mu 
Pentode, r-f 
Pentode, battery a-f 
Pentode, power 
Converter 



Less desirable 
alternative 

Rectification test 



Emission 

Emission — 

Mutual conductance — 

A.C. amplification — 

Mutual conductance — 

A.C. amplification — 

Power output — 

Conversion conductance Mixer g m 

Oscillator grid current Oscillator g m 
See Sect. 3 for methods of testing these characteristics. 

The dynamic test should be one in which the peaks and average plate currents 
approximate to the maximum current in normal operation. 

(c) Other tests 

Other tests which should be carried out in a service tester are : 

Gas (amplifier types only). 

Noise (ampufier types only). 

Heater to cathode leakage (indirectly-heated types only). 

(iii) Types of commercial testers 

Commercial service testers are necessarily a compromise. They must be fairly 
simple to use, flexible with regard to future valve developments, as free as possible 
from damage to indicating instruments through faulty valves or misuse, speedy in 
operation and true in their indications. 

The possible combinations of characteristics tested are : 
Type of valve Essential tests 

All Shorts 



Desirable tests 

Continuity 
Heater to cathode 
leakage 
Vacuum types At least one dynamic test f Emission 

J Mutual conductance 
I A.C. amplification 
^ Power output 
or for converters f Conversion 

■< conductance 
|^ or Mixer g m 
and Oscillator g m 
together with Noise 

Gas 
Out of a representative group of 22 modern service testers examined, 17 incorporated 
some form of mutual conductance test, 7 incorporated an emission test other than for 
diodes and all 22 incorporated a diode emission test. One provided a plate conductance 
test. With regard to the remaining tests, 8 incorporated a heater to cathode leakage 
test, with 7 having a gas test and 7 having a noise test. 

It seems to be generally admitted that an emission test alone is not a very satisfactory 
dynamic test for all amplifying valves. The better types of testers have both mutual 
conductance and diode emission j they are deficient in that they do not provide a power 
output test for power valves, or a.c. amplification for high-mu triodes and a-f 
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pentodes. The method of testing for mutual conductance with a high grid swing is 
not the equivalent of a power output test. Neither mutual conductance nor emission 
testing is a satisfactory substitute for a.c. amplification testing of high-mu triodes or 
a-f pentodes. 

It is obvious, therefore, that any ordinary commercial service tester does not give a 
true indication of the condition of all types of valves, and its readings should be used 
with discretion. 

(iv) Methods of testing characteristics in commercial service testers 

(a) Shorts testing 

Testing for shorts should be carried out at mains frequency or on d.c., and the 
voltage applied to the neon lamp circuit should not exceed 110 volts rjn.s. The use 
of higher voltages results in some good valves being classed as filament-to-grid short 
circuits. 

With a.c. supply, it is usual to design the circuit so that resistances over 0.5 megohm 
do not indicate as shorts ; this is to avoid capacitance effects. With d.c. supplies there 
is no similar limitation, but different models vary considerably in their shorts testing 
sensitivity. 

The most satisfactory switching arrangement is one which tests for shorts from any 
pin to all other pins tied together. The circuit of Fig. 3.4 may be used, except that the 
cathode need not be heated. 

(b) Continuity testing" 

Continuity testing may be carried out in a manner closely resembling shorts testing, 
but with the cathode hot. Positive or alternating voltage is applied through the neon 
lamp to each electrode in turn ; a glow indicates continuity. 

The circuit of Fig. 3.4 may be used in a simple service tester, but a more elaborate 
tester such as the hexaphase (Fig. 3.2) is much more satisfactory for general use. 

For further information on continuity testing see Sect. 3(ii)b. 

(c) Heater to cathode leakage 

The maximum leakage resistance from heater to cathode in new valves varies from 
1 or 2 megohms for power valves to 5 megohms for ordinary 6.3 volt 0.3 ampere 
voltage amplifier valves and even higher for rectifier types having separate heaters 
and cathodes. A neon lamp will normally glow slightly when used in a shorts tester 
and applied between heater and cathode. A neon lamp may be de-sensitized either 
by shunting by a resistor (of the order of 0.1 to 0.5 megohm) or by a mica condenser 
(a value of 0.01 /xF gives a sensitivity of about 5 megohms — this is only useful with 
a.c. supply). 

(d) Emission testing * 
Of the 7 commercial testers which included emission testing of amplifying valves, 

5 used a.c. testing, 1 used half-wave rectified a.c. testing, and 1 used d.c. testing. Owing 
to the poor regulation obtainable from most service valve testers with d.c. supplies, 
other than batteries, it is doubtful whether this has any practical advantages over a.c. 
testing. With a.c. supply, the voltage in most service testers is 30 volts r jn.s. ; this is 
only a compromise which is far from the optimum for all cases. For laboratory 
testing of emission see Sect. 3(ii)f. 

(e) Mutual conductance testing 

Of the 17 commercial testers having a mutual conductance test, 7 used some form of 
a.c. signal voltage applied to the control grid, and 6 used some grid shift method, the 
methods used by the other 4 being unknown. 

All the American mutual conductance testers examined apply an a.c. signal to the 
grid, and measure the signal current in the plate circuit ; all but one of these use a 
mains frequency signal, the exception being one with a 5 Kc/s signal and a tuned signal 
plate current meter. 

In most cases this is not an accurate g m test for all types of valves because the signal 
voltage on the grid is fairly high — between 4 and 5 volts r.m.s. in some cases — sufficient 
to run beyond grid cut-off in one direction and well on to the " flat top " in the other, 
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with short grid-base valves. Even those testers with reduced signal voltages have 
quite appreciable errors with some types of valves. 

On the other hand, all but one of the examined English mutual conductance testers 
use a grid shift method. This introduces some errors due to plate supply regulation 
and curvature of the characteristics, but these can be allowed for in the calibration. 

(f) Plate conductance testing 

This is used by one American tester only as a reasonably close equivalent of the 
mutual conductance test, the amplification factor being assumed to be constant. 
Pentodes are triode-connected. A moderately high signal voltage is applied, this being 
possible with less error than with direct g m measurement owing to the slight compensa- 
ting change of /u with plate current. 

(g) Reverse grid current testing 

Of the post-war testers examined, all those of English design incorporate reverse 
grid current testing (often referred to as " gas testing ") but this test was incorporated 
in only two of American design. The usual methods of testing are either by grid current 
meter or by a shorted grid resistor. For further details see Sect. 3(iv)A. 

A valve which passes the reverse grid current test on a service tester may not operate 
satisfactorily in a receiver. The usable maximum value of negative grid current depends 
upon the application, the mutual conductance of the valve, the resistance in the grid 
circuit, the type of bias, the bias voltages, the total dissipation of the valve and its 
ventilation. The valve may be checked in the actual receiver after running for a 
period sufficiently long for the valve to reach its stable operating temperature ; it 
may be tested by variation in the plate current of the valve under test when its grid 
resistor is shorted. 

(h) Power output testing 

This is not incorporated into any of the commercial service testers examined, but 
is the most satisfactory test for all power valves. Triode testing of pentode and beam 
power valves is quite satisfactory. Methods of testing are described in Sect. 3(iv)I. 

(i) Conversion conductance 

Only one of the testers examined provided a test for conversion conductance, the 
method being by phase reversal. For further details see Sect. 3(v)Bd. 

A satisfactory alternative is to measure the transconductance of the mixer, this 
being the method commonly employed. 

(j) Oscillator mutual conductance 

None of the testers provided a test for oscillator grid current under self-oscillating 
conditions, although this is the most satisfactory form of test. For details see Sect. 
3;v)Bg. 

The method commonly employed is to measure the oscillator mutual conductance. 

The measurement of oscillator grid current in a suitable receiver is a simple way of 
checking the oscillator section of a converter. 

(k) Noise 

The usual form of noise test is to connect the two neon lamp terminals to the aerial 
and earth terminals of a receiver, during the shorts test. For other forms of noise test 
see Sect. 3(iv)L and M. 

(1) A.C. amplification 

This test should be carried out with zero bias and a high value of grid resistor, as 
described in Sect. 3(iv)H. No test with fixed or self-bias is able to determine how a 
valve will operate with grid resistor bias. 

(v) A.C. versus d.c. electrode voltages in testers 

All but four of the commercial testers examined, which made provision for some form 
of g m test, used d.c. electrode supplies. The general trend seems to be in the direction 
of using d.c. supply to all electrodes, and the additional circuit complications appear 
to be justified. 

For comparison between laboratory testing of emission by a.c. or d.c. methods, 
see Sect. 3(ii)f. 
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(vi) Pre-heating 

When more than one valve is to be tested, a pre-heating socket should be provided 
to save time. If not incorporated into the tester itself, the pr e-heater may be a separate 
unit with one of each type of socket and a filament voltage switch and transformer. 
No voltages need normally be applied to the other electrodes except in cases when the 
valve is initially satisfactory but becomes defective during operation. 

(vii) Testing procedure 

Always test for shorts before carrying out any other test. When testing for emission, 
allow ample time for the valve to heat thoroughly before pressing the emission switch ; 
then press only long enough to give a reading. Do not leave the valve for more than 
three seconds on the emission test as otherwise the valve may be permanently damaged. 
The reading may be regarded as satisfactory provided that it is not below the limit 
and that it does not fall rapidly to the limit in the three second period. 

When testing for mutual conductance, the switch may be pressed for any desired 
length of time, as no damage will be done to the valve provided that the valve is 
operated within its maximum ratings. 

If a valve is gassy, the readings of emission and mutual conductance will be affected 
(usually increased for a slight amount of gas and decreased by excessive gas). If a 
valve is both gassy and of low emission, the true fault is " gas ". 

If a valve indicates " no emission " while the heater is continuous, the fault may 
be excessive gas, air in the bulb., cathode coating " poisoned " by gas, or open-circuited 
cathode. Air in the bulb is indicated by a continuous heater 5 a cathode not visibly 
red, and a bulb which gradually becomes warm. 

References to service testing : Refs. 55, 56, 57, 60, 61, 62, 63, 64. 
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SECTION 1 : CURRENT AND VOLTAGE 

(i) Direct current («) Alternating current (Hi) Indications of polarity and current 
flow. 

(i) Direct current + 

We speak of the flow of an electric current in »* 

more or less the same way that we speak of the CURR 
flow of water, but we should remember that the ru 

conventional direction of current is opposite to 
the actual flow of electrons. In most electrical 
circuit theory however, it is sufficient to consider 
only the conventional direction of current flow. F(G 
In Fig. 4.1 there is a battery connected to a load ; 
the current flows from the positive (+) terminal, p- a 
through the load, to the negative (— ) terminal, "' 
and then through the battery to the positive 
terminal. 



' t 



4.1. Flow of current with 
battery and load. 
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(i) DIRECT CURRENT 
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Batteries (or cells) may be connected in series as in Fig. 4.2 and the total voltage 
is then equal to the sum of the voltages of the individual batteries (or cells). When 
calculating the voltage of any intermediate point with respect to (say) the negative 
terminal, count the number of cells passed through from the negative terminal to the 
tapping point, and multiply by the voltage per cell. When batteries are connected 
in series, each has to supply the full load current. 



Batteries (or cells) are occasionally 
connected in parallel as in Fig. 4.3. 
In this case the terminal voltage is 
the same as the voltage per battery 
(or cell). The current does not 
necessarily divide uniformly be- 
tween the cells, unless these all have 
identical voltages and internal re- 
sistances. 

Direct current may also be ob- 
tained from a d.c. generator! or 
from rectified and filtered a.c. 
supply. In all such cases there is a 
certain degree of ripple or hum 
which prevents it from being pure 
d.c. ; when the a.c. component is appreciable, the supply may be spoken of as " d.c. 
with superimposed ripple (or hum) " and must be treated as having the characteristics 
of both d.c. and a.c. When we speak of d.c. in a theoretical treatise, it is intended to 




Fig. 4.2. Cells in series. 



iply 



steady d.c. 



(ii) Alternating current 

The ordinary form of d.c. generator actu- 
ally generates a.c, which is converted to 
d.c. by the commutator. If a loop of wire 
is rotated about its axis in a uniform 
magnetic field, an alternating voltage is 
generated across its terminals. Thus a.c. 
is just as fundamental as d.c. The usual 
power-house generates 3 phase a.c, but 
in radio receivers we are only concerned 
with one of these phases. A " sine wave " 

alternating current is illustrated in Fig. 4.4, where the vertical scale may represent 
voltage or current, and the horizontal scale represents time.* A cycle is the alterna- 
tion from A to E, or from B to F, or from C to G. 




Fig. 4.3. Cells in parallel. 




Fig. 4.4. Fqrm of sine- 
wave alternating current. 



Most power supplies have frequencies of either 50 or 60 cycles per second ^c/s). 
The period is the time taken by one cycle, which is 1/50 or 1/60 second, in these 
two cases. 



*For mathematical treatment of periodic phenomena see Chapter 6 Sect. 4. 
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The precise shape of the wave is very important, and the sine wave has been adopted 
as the standard a.c. waveform, since this is the only one which always has the current 
waveform of the same shape as the voltage, when applied to a resistance, inductance 
or capacitance.! In practice we have to deal with various waveforms, some of which 
may be considered as imperfect (" distorted ") sine waves, while others are of special 
shapes such as square waves, saw-tooth, or pulse types, or rectified sine waves. How- 
ever, when we speak of a.c. in any theoretical treatise, it is intended to imply a dis- 
tortionless sine wave. Other waveforms may be resolved by Fourier Analysis into a 
fundamental sine wave and a number of harmonic frequency sine waves, the latter 
having frequencies which are multiples of the fundamental frequency. This subject 
is treated mathematically in Chapter 6 Sect. 8. 

When deriving the characteristics of any circuit, amplifier or network, it is usual 
to assume the application of a pure sine-wave voltage to the input terminals, then to 
calculate the currents and voltages in the circuit. In the case of a valve amplifier 
(or any other non-linear component) the distortion may be either calculated, or 
measured at the output terminals. If the device is to operate with a special input 
waveform (e.g. square wave), it is usual to resolve this into its fundamental and har- 
monic frequencies, and then to calculate the performance with the lowest (funda- 
mental) frequency, an approximate middle** frequency, and the highest harmonic 
frequency — all these being sine waves. 

(iii) Indications of polarity and current flow 

In circuit diagrams the polarity of any battery or other d.c. voltage source is usually 
indicated by + and — signs ; alternatively it may be indicated by an arrow, the head 
of the arrow indicating positive potential (e.g. Fig. 4.2). A similar convention may 
be used for the voltage between any points in the circuit (e.g. Fig. 4.14A). The 
direction of d.c. current flow is indicated by an arrow. 

In the case of a.c. circuits a similar convention may be used, except that an arbitrary 
instantaneous condition is represented (Fig. 4.18A). 



SECTION 2 : RESISTANCE 

(0 Ohm's Law for d.c. (ii) Ohm's Law for a.c. (iii) Resistances in series (iv) 
Resistances in parallel (v) Conductance in resistive circuits. 

(i) Ohm's Law for direct current 

All substances offer some obstruction to the flow of electric current. Ohm's Law 
states that the current which flows is proportional to the applied voltage, in accordance 
with the equation 

/ = E/R (1) 

where R is the total resistance of the circuit. For example in Fig. 4.5 an ideal battery, 
having zero internal resistance, and giving a constant voltage E under all conditions, 
is connected across a resistance R. The current which flows is given by eqn. (1) 
above, provided that 

/ is expressed in amperes, 

E is expressed in volts, 

and R is expressed in ohms.* 

Ohm's Law may also be arranged, for convenience, in 
the alternative forms 

E = IR (2) Fi g , 4.5. Circuit illus- 

and R = E/I (3) trating Ohm's Law for d.c. 

t A sinewavc has its derivative and integral of the same form as itself. 

•♦Preferably the geometrical mean frequency which is given by Vfifi where /i and/2 are the lowest 
and highest frequencies. 

*It is assumed that the resistance remains constant under the conditions of operation. For other 
cases see Sect. 7(i). 




FIG. 4-5 



4.2 



(i) OHM'S LAW FOR DIRECT CURRENT 
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In a circuit containing more than one battery (or other source of direct voltage), 
the effective voltage is determined by adding together those voltages which are in the 
same direction as the current, and subtracting any opposing voltages. 

Ohm's Law also holds for any single resistor or combination of resistances. The 
voltage drop across any resistance R ls no matter what the external circuit may be, 
is given by 

Voltage drop = IRj_ (4) 

where I is the current flowing through R x . 

(ii) Ohm's Law for alternating current 

Ohm's Law holds also for alternating voltages and currents, except that in this 
case the voltage (E) and the current (7) must be expressed in their effective or root- 
mean-square values of volts and amperes. 

(iii) Resistances in series 

When two or more resistors are connected so that the current through one is com- 
pelled to flow through the others, they are said to be in series, and the total resistance 
is the sum of their individual resistances. For example, in Fig. 4.6 the total resistance 
of the circuit is given by 

R=R 1 +R 2 + R 3 (5) 

and the current is given by 

I =E/R= EKRr + R 2 + R 3 ). 
It is interesting to no«:e that R u R 2 and R 3 form a voltage divider, across the 
battery E. Using eqn. (4) : 

voltage drop across R x = IR X = [fli/C^i + R 2 + JR 3 )] x E 
voltage drop across R 2 = IR 2 = [RzKRi + R* + R s )~\ x E 
voltage drop across jR 3 = IR 3 = [R»/(Ri + Rz + Ra)~\ x E 
total voltage drop = IR ± + IR 2 + IR a 

= I(R 1 + R 2 + R 3 ) = E. 
For example, if E = 6 volts, i? x = 10 ohms, R 2 = 10 ohms and R 3 = 10 ohms, then 
I = E/(fi x + R 2 + R s ) = 6/(10 + 10 + 10) 
= 6/30 = 0.2 ampere. 
Voltage between points C and D = 10 x 0.2 = 2 volts 
B and D = 20 X 0.2 = 4 volts 
A and D = 30 x 0.2 — 6 volts. 
The voltage across any section of the voltage divider is proportional to its 
resistance (it is assumed that no current is drawn from the tapping points B or C). 



:r 2 



.f»a 



*2 



Fig. 4.6. Resistances in series. 
Fig. 4.7. Resistances in series, allowing for internal resistance of battery. 



If the battery has any appreciable internal resistance the circuit must be modified 
to the form of Fig. 4.7 where R t is the equivalent internal resistance. Here we have 
four resistances effectively in series and I = E/(Ri + R t + R 2 + R 3 ). The 
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(iv) RESISTANCES IN PARALLEL 



4.2 



voltages between any of the points A, B, CotD will be less than in the corresponding 
case for zero internal resistance, the actual values being 
Ri + Ri + R 3 , . _ 

R i+ R 1+ R 2 + R 3 X V ° ltage for R < = °' 
If R { is less than 1 % of (i?i + R t + R 3 ), then its effect on voltages is less than 1 %. 

(iv) Resistances in parallel 

When two resistances are in parallel (Fig. 4.8) the effective total resistance is given by 

RxR 2 



R = 



(6) 



Ri +R 2 

When JR X = R is R = RJ2 = RJ2. 

When any number of resistances are in parallel (Fig. 4.9) the effective total resistance 
is given by 

1111 



R Ri R% R 3 



(7) 



When two or more resistors are in parallel, the total effective resistance may be de- 
termined by the graphical method of Fig. 4.10. This method* only requires a piece 
of ordinary graph paper (or alternatively a scale and set square). As an example, 
to find the total resistance of two resistors, 50 000 and 30 000 ohms, in parallel take 
any convenient base AB with verticals AC and BD at the two ends. Take 50 000 
ohms on BD and draw the straight line AD ; take 30 000 ohms on AC and draw 
CB ; draw the line XY from their junction perpendicular to AB. The height of 
XY gives the required result, on the same scale. 




Fig. 4.8. Two resistances in parallel. Fig. 4.9. Several resistors in parallel. 

If it is required to determine the resistance of three resistors in parallel, the third 
being say 20 000 ohms, proceed further to join points E and Y, and the desired result 
ven by the height PQ. This may be continued indefinitely. 




iqxw 



20P0O 



Fig. 4.10. Graphical method 
for the determination of the 
effective resistance of two or 
more resistors in parallel (after 
Wireless World). 



The same method may be used to determine suitable values of two resistors to be 
connected in parallel to give a specified total resistance. In this case, select one 
value (C) arbitrarily, mark X at the correct height and then find D ; if not a suitable 
value, move C to the next available value and repeat the process until satisfactory. 

*" Resistances in Parallel— Capacitances in Series," W.W. 48-9 (Sept. 1942) 205. 
" Diallist " " Series C and Parallel R," W.W. 51.4 (April 1945) 126. 
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When a network includes a number of resistors, some in series and some in parallel, 
firstly convert all groups in parallel to their effective total resistances, then proceed 
with the series chain. 

(v) Conductance in resistive circuits 

The conductance (G) of any resistor is its ability to conduct current, and this is 
obviously the reciprocal of the resistance — 

G = 1/2? (8) 

Applying Ohm's Law, we derive 

I = EG (9) 

The unit of conductance is the mho (i.e. the reciprocal ohm). 

When resistances are in parallel, their effective total conductance is the sum of their 
individual conductances — 

G = G t + G 2 + G 3 + (10) 

When a number of resistors are in parallel, the current through each is proportional 
to its conductance. Also, 

/j Gi 



SECTION 3 : POWER 

(*') Power in d.c. circuits (») Power in resistive ax. circuits. 

(i) Power in d»c» circuits 

The power converted into heat in a resistance is directly proportional to the product 
of the voltage and the current — 

P = E X / (1) 

where P is expressed in watts, E in volts and I in amperes. This equation may be 
rearranged, by using Ohm's Law, into the alternative forms — 

P = PR = E 2 /R (2) 

where R is expressed in ohms. 

The total energy developed is the product of the power and the time. Units of 
energy are 

(1) the watt-second or joule 

(2) the kilowatt-hour (i.e. 1000 watts for 1 hour). 



Fig. 4.11. One cycle of 
sine-wave voltage (e) and 
current (») with zero phase 
angle. The instantaneous 
power (P) is always positive ; 
the average power is half 
the peak power. 



AVERAGE POWER 




(ii) Power in resistive a.c. circuits 

The same general principles hold as for d.c, except that the voltage, current and 
power are varying. Fig. 4.11 shows one cycle of a sinewave voltage and current. 
The instantaneous power is equal to the product of the instantaneous voltage and 
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instantaneous current at any point in the cycle. The curve of instantaneous power 
(P) may be plotted point by point, and is always positive. 

The heating of a resistor is obviously the result of the average or effective power, 
which is exactly half the peak power. 

■* peak = &maz *max \p) 






'max * mat 



E m 



x 



(4) 



2 V2~ V2 

Emax/V2 is called the effective or r.m.s. voltage 
I max/ V 2 is called the effective or r.m s. current. 
The effective values of voltage and current are the values which have the same heating 
effect as with d.c. The initials rjn.s. stand for root mean square, indicating that it 
is the square root of the average of the squares over the cycle. 

In a.c. practice, any reference to voltages or currents without specifying which 
value is intended, should always be interpreted as being r.m.s. (or effective) values. 
Measuring instruments are usually calibrated in r.m.s. values of currents and voltages. 
The form factor is the ratio of the r jn.s. to the average value of the positive half- 
cycle. The following table summarizes the principal characteristics of several wave- 
forms (see Chapter 30 for rectified waveforms) : 









Triangular 




Sine wave 


Square wave 


wave 

(isosceles) 


Form factor (= r.m.s. /average) 


77/2V2 = 1.11 


1.00 


2/V3 = 1.15 


Peak/r.m.s. 


V2 = 1.414 


1.00 


V3 = 1.73 


R.M.S./peak 


1/V2 = 0.707 


1.00 


l/\/3 = 0.58 


Peak/average 


it {2 = 1.57 


1.00 


2.0 


Average/Peak 


2/tt = 0.64 


1.00 


0.5 



SECTION 4 : CAPACITANCE 

(*) Introduction to capacitance (») Condensers in parallel and series (/») Calcula- 
tion of capacitance (iv) Condensers in d.c. circuits (v) Condensers in a.c. circuits. 

(i) Introduction to capacitance 

A capacitor* (or condenser) in its simplest form, consists of two plates separated 
by an insulator (dielectric). 

Any such condenser has a characteristic known as capacitancef whereby it is able 
to hold an electric charge. When a voltage difference (27) is applied between the 
plates, current flows instantaneously through the leads connecting the battery to the 
condenser (Fig. 4.12) until the latter has built up its charge, the current dropping 
gradually to zero. If the battery is removed, the condenser will hold its charge 
indefinitely (in practice there is a gradual loss of charge through leakage). If a con- 
ducting path is connected across the condenser plates, a current will flow through 
the conductor but will gradually fall to zero as the condenser loses its charge. 

It is found that the charge (i.e. the amount of electricity) which a condenser will 
hold is proportional to the applied voltage and to the capacitance. 

This may be put into the form of an equation : 

Q = CE (1) 

where Q = quantity of electricity (the charge) in coulombs, 

C = capacitance in farads, 
and E = applied voltage. 

•The American standard term is " Capacitor." 

fit is assumed here that the condenser is ideal, without series resistance, leakage, or dielectric lag. 
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The unit of capacitance — the Farad (F) — is too large for convenience, so it is usual 
to specify capacitance as so many microfarads (/*F) or micro-microfarads* (j^ftF). 
Any capacitance must be converted into its equivalent value in farads' before being 
used in any fundamental equation such as (1) above — 
1 [iF = 1 x 10~ 6 farad 
l/i /xF = 1 X 1CT 12 farad 
Note : The abbreviations mF or mtnF should not be used under any circumstances 
to indicate microfarads or micro-microfarads, because mF is the symbol for milli-farads 
(1 x 10 -3 farad). Some reasonable latitude is allowable with most symbols, but here 
there is danger of serious error and misunderstanding. 
The energy stored in placing a charge on a condenser is 

W = \{QE) = \ {CE*) = Q*/2C (2) 

where W = energy, expressed in joules (watt-seconds) 
Q =■ charge in coulombs 
C — capacitance in farads 
and E = applied voltage. 
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FIC. 4-12 FIG. 4-IS 

Fig. 4.12. Condenser connected to a battery. 
Fig. 4.13. {A) Condensers in parallel. (B) Condensers in series. 

(ii) Condensers in parallel and series 

When two or more condensers are connected in parallel (Fig. 4.13A) the total 
capacitance is the sum of their individual capacitances : 

C=C 1 + C % + C»+ ... (3) 

When two or more condensers are connected in series (Fig. 4.13B) the total capaci- 
tance is given by : 



1 1_ _1_ J_ 

C Gj \J2 C3 

When only two condensers are connected in series 
_ G L C 2 



(4) 



„ _ ■ - (5) 

C x + C 2 
When two or more equal condensers (C-,) are connected in series, the total capaci- 
tance is 

C = CJ2 for 2 condensers 
and C — CJn for n condensers. 

Note : The curved plate of the symbol used for a condenser indicates the earthed 
(outer) plate of an electrolytic or circular paper condenser ; when this is not applic- 
able the curved plate is regarded as the one more nearly at earth potential. 

(iii) Calculation of capacitance 
Parallel plate condenser 

When there are two plates, close together, the capacitance is approximately : 

AK 

C =-77777- fifiF when dimensions are in centimetres 



11.31J 



•The name picofarad (j>F) is also used as an alternative. 
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C --= 



AK 



/x/iF when dimensions are in inches 



4.45rf 

where A = useful area of one plate in square centimetres (or inches). The useful 
area is approximately equal to the area of the smaller plate when the square root of 
the area is large compared with the gap. 

K = dielectric constant (for values of common materials see Chapter 38 

Sect. 8. For air, K = 1. 
d = gap between plates in centimetres (or inches). 

Capacitance with air dielectric, plates 1 mm. apart 

C = 0.884 /x/xF per sq. cm. area of one plate. 

Capacitance with air dielectric, plates 0.10 inch apart 

C = 2.244 it/iF per sq. inch area of one plate. 
When there are more than two plates, the " useful area " should be interpreted as 
the total useful area. 

Cylindrical condenser (concentric cable) 

7.354X c , 

C = i W7T i^^F per foot length 

logic Old 

where D = inside diameter of outside cylinder (inches) 

d = outside diameter of inner cylinder (inches) 

and K = dielectric constant of material in gap. 

(iv) Condensers in d.c. circuits 

An ideal condenser is one which has no resistance, no leakage, and no inductance. 
In practice, every condenser has some resistance, leakage and inductance, although 
these may be neglected under certain conditions of operation. 





Fig. 4.14. Condenser charge and discharge (A) Circuit (J5) Discharge current 
characteristic (C) Charge voltage characteristic (D) Discharge voltage characteristic. 

In Fig. 4.14A, C is an ideal condenser which may be charged by closing switch S 1 ; 
r represents the combined internal resistance of the battery E and the resistance of 
the leads in the circuit. When S x is closed, current (i) will flow as indicated in dia- 
gram B, the peak current being / = E/r at time t — 0. The time for C to become 
fully charged is infinite — in other words the current never quite reaches zero, although 
it comes very close to zero after a short period. The equation for the current is of 
logarithmic form : 

,• = ^ e-^ C6) 

r 



4.4 (iv) CONDENSERS IN D.C. CIRCUITS 137 

where e = base of natural logarithms (^; 2.718) 
t = time in seconds after closing switch 5 X 
E = battery voltage 
r = resistance in ohms 
and C = capacitance in farads. 
The voltage (e) across the condenser is 

e = E - ri = E (1 - c-*/* 7 ) (7a) 

and the curve (diagram C) is of the same shape as the current curve except that it 
is upside down. The voltage never quite reaches the value E, although it approaches 
it very closely. 
The charge on the condenser is given by 

q = Q(l - e-t/rf) (7b) 

where q = instantaneous charge on condenser 
and Q = EC = final charge on condenser 
which follows the same law as the voltage (eqn. 7a). 

If we now assume that the condenser C is fully charged, switch S t is opened, and 
switch S 2 is closed, the discharge characteristic will be given by 

i=-le~ t/RC (8) 

which is of the same form as diagram B, except that the current is in the opposite 
direction. 

The curve of voltage (and also charge) against time for a discharging condenser is 
in diagram D, and is of the same shape as for current, since e = Ri. These charge 
and discharge characteristics are called transients. 

In order to make a convenient measure of the time taken to discharge a condenser, 
we adopt the time constant which is the time taken to discharge a condenser on the 
assumption that the current remains constant throughout the process at its initial 
value. In practice, as explained above, the discharge current steadily falls with 
time, and under these conditions the time constant is the time taken to discharge the 
condenser to the point where the voltage or charge drops to 1/e or 36.8% of its initial 
value. The same applies also to the time taken by a condenser in process of being 
charged, to reach a voltage or charge of (1 — 1/e) or 63.2% of its final value. 

The time constant (T) is equal to 

T = RC (9) 

where T is the time constant in seconds, 

R is the total resistance in the circuit, either for charge or discharge, in ohms, 
and C is the capacitance in farads. 

This also holds when R is in megohms and C in microfarads. 

(v) Condensers in a.c. circuits 

When a condenser is connected to an a.c. line, current flows in the circuit, as may 
be checked by inserting an a.c. ammeter in series with the condenser. This does 
not mean that electrons flow through the condenser from one plate to the other ; 
they are insulated from one another. 

Suppose that a condenser of capacitance C farads is connected directly across an 
a.c. line, the voltage of which is given by the equation e = E m sin ait. The con- 
denser will take sufficient charge to make the potential difference of its plates at every 
instant equal to the voltage of the line. As the impressed voltage continually varies 
in magnitude and direction, electrons must be continually passing in and out of the 
condenser to maintain its plates at the correct potential difference. This continual 
charging and discharging of the condenser constitutes the current read by the ammeter. 

At any instant, q = Ce, where q is the instantaneous charge on the condenser. 
The current (i) is the rate of change (or differential* with respect to time) of the charge, 

♦See Chapter 6, Section 7. 
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i.e., 
But 



i = 
Q = 



dq/dt 

Ce = CE„ 



sin cot 



J^ CE - 



sin mt) 



Therefore i 

at 

Therefore i = aCE m cos at (10) 

Eqn. (10) is the equation of the current flowing through the condenser, from which 

we may derive the following facts : 

1. It has a peak value of coCE m ; the current is therefore proportional to the applied 
voltage, also to the capacitance and to the frequency (since / = co/2tr). 

2. It has the same angular velocity (to) and hence the same frequency as the applied 
voltage. 

3. It follows a cosine waveform whereas the applied voltage has a sine waveform. 
This is the same as a sinewave advanced 90° in phase — we say that the current 
leads the voltage by 90° (Fig. 4.15). 

Considering only the magnitude of the condenser charging current, 
I m = o>CE m (peak values) 

Therefore I rm , = toCE Tm , (effective values) 

Where / and E occur in a.c. theory, they should be understood as being the same as 
I rm , and E rmt . 

This should be compared with the equivalent expression when the condenser is 
replaced by a resistance (R) : 

*rms — n * 

It will be seen that R in the resistance case, and 
(1/coC) in the capacitance case, have a similar effect 
in limiting the current. We call (— 1/wC) the 
capacitive reactance t (X e ) of the condenser, since 
it has the additional effect of advancing the phase of 
the current. We here adopt the convention of 
making the capacitive reactance negative, and the 
inductive reactance positive ; the two types of re- 
actance are vectorially 180° out of phase. 

The relationships between the various voltages 
and currents are well illustrated by a vector 
diagram*. Fig. 4.16A shows a circuit with R and C in series across an 
a.c. line with a voltage e = E m sin wt. The instantaneous** values of voltage (e) 
and current (t) are shown with arrows to indicate the convention of positive direction. 
It is quite clear that the same current which passes through R must also pass through 
C. This causes a voltage drop RI across R and (// a>C) across C where / is the r.m.s. 
value of the current. The relative phase relationships are given by the angular dis- 
placements in the vector diagram. These are determined trigonometrically by the 
peak values I m3 RI m and I m /a»C ; for convenience, the lengths of the vectors are 
marked in Fig. 4.16B according to the effective values /, RI and I/a>C. The current 
vector is distinguished by a solid arrowhead ; it may be to any convenient scale since 
there is no connection between the voltage and current scales. Since R is purely 
resistive, RI must be in phase with /, but the current through C must lead the voltage 
drop across C by 90°. This is shown on the vector diagram 4.16B where the direc- 
tion of / is taken as the starting point ; RI is drawn in phase with / and of length equal 
to the voltage drop on any convenient scale ; // a>C is drawn so that / leads it by 90° ; 
and the resultant (E) of RI and I/coCis determined by completing the parallelogram 
The resultant E is the vector sum of the voltage drops across R and C, which must 

t A table of capacitive reactances is given in Chapter 38 Sect. 9 Table 42. 
•See Chapter 6 Section 5(iv). 

**It is illogical to show directions or polarities on the r.m.s. values of current (/) or voltage (is) since 
these are the effective values of alternating currents. 




Fig. 4.15. Alternating cur- 
rent through an ideal condenser 
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therefore be the applied (line) voltage. It will be seen that the current/ leads the 
voltage E by an angle <f> where 

/ 1 1 \X t \ 

V * (10a) 



tan <f> = 



<aCR 



>C RI 
If R = 0, then tan <f> = oo , and <f> = 90°. 

Since <j> is the phase angle of the current with respect to the voltage, the angle <f> 
in the circuit of Fig. 4.16A is positive. 

The instantaneous current flowing through the circuit of Fig. 4.16A is therefore 
given by 

* = I m sin (at + <f>) (10b) 

where S = tan -1 (1/coCR). 

The value of I m in eqn. (10b) is given by 

I m = EJZ (10c) 

where Z is called the impedance. 
Similarly in terms of effective values, 

/ - E/Z (lOd) 

Obviously Z is a vector (or complex) quantity having phase relationship as well as 
magnitude, and is printed in bold face to indicate this fact. This may be developed 
further by the use of the j notation. 

© 



e-E m SINUt 




Fig. 4.16. (A) Resistance and capacitance across a.c. line (B) Vector diagram of 

voltage relationships (C) Vector diagram of impedance (Z) with its real component 

(R) and reactive component — j (l/a>C). 

Using the j Notation 

The operator j* signifies a positive vector rotation of 90°, while — j signifies a 
negative rotation of 90°. Instead of working out a detailed vector diagram, it is 
possible to treat a circuit problem very much more simply by using the j notation. 
For example in Fig. 4.16, we may equate the applied voltage E to the sum of the 
voltage drops across R and C : 

E=RI-j-± (11) 

the —j indicating 90° vector rotation in a negative direction, which is exactly what 
we have in diagram B. 

It is sometimes more convenient to put —jI/wC into the alternative form +I/ja>C 
which may be derived by multiplying both numerator and denominator by j (since 
j* = - 1). Thus 

E = RI + I/jcoC (12) 

From (11) we can derive : 

Z = E/I = R -/(l/a>C) (13) 

For example, in Fig. 4.1 6A let R = 100 ohms and C = IOjuF, both connected in 
series, and let the frequency be 1000 c/s. 
Then <w = 2w X 1000 = 6280 

l/o)C = 1/(6280 x 10 X 10" 6 ) = 15.9 ohms, 
and Z = R -/(1/«>C) 

= 100 - j 15.9 (13a) 

Eqn. (13a) indicates at a glance a resistance of 100 ohms in series with a negative 
reactance (i.e. a capacitive reactance) of 15.9 ohms. Values of capacitive reactances 

•See Chapter 6 Sect, 5(iv). 
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for selected capacitances and frequencies are given in Chapter 38 Sect. 9 Table 42. 
Even if i? = 0, we still write the impedance in the same form, 

Z = -j 15.9 (13b) 

Thus Z is a complex* quantity, that is to say it has a " real " part (R) and an " imagin- 
ary" part (1/coC) at 90° to R, as shown in Fig. 4.16C. The absolute magnitude 
(modulus) of Z is : 

\z\ = Vr 2 + ii/ady (14) 

and its phase angle </> is given by 

"« * - - =5F (15 > 

which is the same as we derived above from the vector diagram, except for the sign. 
The negative sign in eqn. (15) is because <f> is the phase shift of Z with respect to R. 
In a practical condenser, we may regard R in Fig. 4.16A as the equivalent series 
loss resistance of the condenser itself. 
It is obvious from Fig. 4.16B that 

cos <f> = R/Z (16a) 

where Z is given by equation (13) above. 
Cos <f> is called the "Power factor." 

If <£ is nearly 90°, X is nearly equal to Z, apart from sign, and so 

cos <f> fej R/\X\ (16b) 

where \X\ indicates that the value of the reactance is taken apart from sign. With 
this approximation we obtain 

Power factor = cos <f> ?» a>CR (17) 

Note that the power factor of any resistive component is always positive. A negative 
power factor indicates generation of power. 

The total power dissipated in the circuit (Fig. 4.16A) will be 

P=EI cos </> = EI x power factor' (17a) 

~ I2R ~ R[l + X c 2 /R 2 ] (17b) 

where P = power in watts 

X c = l/o,C 
and cos $ is defined by eqn. (16a) or the approximation (16b). 

The Q factor of a condenser is the ratio of its reactance to its resistance — 

Q = 1/uiCR = tan $ g& l/(power factor) (18) 



SECTION 5 : INDUCTANCE 

(*) Introduction to inductance (») Inductances in d.c. circuits (iii) Inductances 
in series and parallel (iv) Mutual inductance (u) Inductances in ax. circuits (vi) 
Power in inductive circuits. 

(i) Introduction to inductance 

An inductor, in its simplest form, consists of a coil of wire with an air core as com- 
monly used in r-f tuning circuits. Any inductor has a characteristic known as in- 
ductance whereby it sets up an electro-magnetic field when a current is passed through 
it. When the current is varied, the strength of the field varies ; as a result, an electro- 
motive force is induced in the coil. This may be expressed by the equation : 

dd> 
e = -N — x 10" 8 volts (1) 

where e = ejn.f. induced at any instant 
N — number of turns in the coil 
<f> == flux through the coil 

•See Chapter 6, Sect. 6(i). 



4.5 (i) INTRODUCTION TO INDUCTANCE 141 

and — = rate of change (differential with respect to time) of the flux. 

The direction of the induced e.m.f. is always such as to oppose the change of current 

which is producing the induced voltage. In other words, the effect of the induced 

e.m.f. is to assist in maintaining constant both current and field. 

We may also express the relationship in the form : 

di 

* = ~ L It (2) 

where all the values are expressed in practical units — 

e = e.m.f. induced at any instant, in volts 

L = inductance, in henrys 

i = current in amperes 

di 
and -j- = rate of change of current, in amperes per second. 

The inductance L varies' approximately* with the square of the number of turns 
in the coil, and may be increased considerably by using iron cores** (for low fre- 
quencies) or powdered iron (for radio frequencies). With iron cores the value of L 
is not constant, so that eqn. (2) cannot be used accurately in such cases. 
The energy stored in a magnetic field is 

energy = £ LI 2 (2a) 

where energy is measured in joules (or watt seconds) 

L is measured in henrys 
and / is measured in amperes. 

(ii) Inductances in d.e. circuits 

When an inductance (L henrys) with a total circuit resistance (R ohms) is connected 
to a d.c. source of voltage (£), the current rises gradually to the steady value / = E/R. 
During the gradual rise, the current follows the logarithmic law 

*- = f(l-e-^) (3) 

where * = current in amperes at time f, 

c = base of natural logarithms fin 2.718, 
and t = time in seconds after switch is closed. 

The time constant (T) is the time in seconds from the time that the switch is 
closed until the current has risen to (1 — 1/e) or 63.2% of its final value : 

T = L/R (4) 

where L = inductance in henrys 
and R = resistance in ohms. 
The decay of current follows the law 

»=|(e-^ £ ) (5) 

The rise and decay of current are called transients. 

(iii) Inductances in series and parallel 
Inductances in series 

The total inductance is equal to the sum of the individual inductances, provided 
that there is no coupling between them : 

L = L x +L 2 + L 3 + . . . (6) 

Inductances in parallel 

The total inductance is given by eqn. (7), provided that there is no coupling between 
them : 

1^ 1 j_ J_ (7) 

L, Li L>2 ^3 

♦See Chapter 10 for formulae for calculating the inductance of coils. 
**See Chapter 5 for iron cored inductances. 
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(iv) Mutual inductance 

When two coils are placed near to one another, there tends to be coupling between 
them, which reaches a maximum when they are placed co-axially and with their 
centres as close together as possible. 

If one such coil is supplied with varying current, it will set up a varying magnetic 
field, which in turn will induce an e.m.f. in the second coil. This induced ejn.f. 
in the secondary is proportional to the rate of current change in the first coil (primary) 
and to the mutual inductance of the two coils : 

*=-"£ (8) 

where e s = voltage induced in the secondary, 

~ = rate of change of current in the primary in amperes per second, 
at 

and M = mutual inductance of the two coils, in henrys. 

(Compare Equations 2 and 8.) 

M may be either positive or negative, depending on the rotation of, or connections 
to, the secondary. M is regarded as positive if the secondary voltage (e 2 ) has the same 
polarity as the induced voltage in a single coil. 

The rnjurimnm possible (theoretical) value of M is when M = V-Li-Lj, being the 
condition of unity coupling, but in practice this cannot be achieved- The coefficient 

of coupling (k) is given by 

k = M/Vln.1* (9) 

so that k is always less than unity. 

If the secondary is loaded by a resistance i? 2 (Fig. 4.17), current will flow through 
the secondary circuit. 
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Fig. 4.17. Two inductances coupled by mutual inductance (Af) with the secondary 

loaded by a resistance. 
Fig. 4.18. (A) Equivalent circuit diagram of practical inductance (B) Vector 
diagram of voltage relationships. 

(v) Inductance in a.c. circuits 

If an ideal inductance (L henrys) is connected across an a.c. line, the voltage of 
which is given by the equation e = E m sin ait, a current will flow having the same 
waveform as the line voltage, but the current will lag 90° behind the voltage. The 
inductance is said to have an inductive reactance* {X£) equal to mL, and the current 
will be 

Jrm, = E rm ,joiL (10) 

We may helpfully compare this with the case of a condenser : 

Current Reactance Phase shiftf 

Capacitance: I rmt = ioCE Tm , X e = —l/a>C +90° 

Inductance : I Tmt = E Tm ,/wL X L = o>L —90° 

Every practical inductance has appreciable resistance, and we may draw the equiva- 
lent circuit of any normal inductor as an ideal inductance in series with a resistance 

*A table of inductive reactances is given in Chapter 38 Sect. 9 Table 41. 
tOf current with respect to voltage. 
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(Fig. 4.18A). If there is any other resistance in the circuit, it may be added to the 
resistance of the inductor to give the total resistance R. * 

If an alternating voltage is applied across L and R in series (Fig. 4.18A) the vector 
diagram may be drawn as in (B). The current vector J is first drawn to any con- 
venient scale ; the vector of voltage drop across R is then drawn as RI in phase with 
I ; the vector of voltage drop across L is then drawn as coLI so that / will lag behind 
it by 90° — hence coLI is drawn as shown ; the parallelogram is then completed to 
give the resultant E = 7.1 with a phase angle such that tan tf> = <oL/R. 

Using the j notation we may write : 

E = RI + ja>LI (11) 

where +/ indicates 90° vector rotation in a positive direction. 

From (11) we can derive : 

Z = E/I = R + jcoL (12) 

For example, if R = 150 ohms, L = 20 henrys and / = 1000 c/s, then 
co = 2tt x 1000 = 6280 
oL = 6280 x 20 = 125 600 ohms 
and Z = 150 + j 125 600 (12a) 

Eqn. (12a) indicates at a glance a resistance of 150 ohms in series with a positive 
reactance (i.e. an inductive reactance) of 125 600 ohms. Values of inductive re- 
actances are given in Chapter 38 Sect. 9 Table 41. 
The magnitude (modulus) of Z is : 

\z\ = VR 2 + («£)* (13) 

and its phase angle is given by 

tan <f> = coL/R (14) 

as also shown by the vector diagram. 

(vi) Power in inductive circuits 

The power drawn from the line in Fig. 4.18A is the integral over one cycle of the 
instantaneous values of e x i. As shown by Fig. 4.19, during parts of each cycle 
energy is being taken by the circuit, while during other parts of the cycle energy is 
being given back by the circuit. The latter may be regarded as negative power being 
taken by the circuit, and is so drawn. The expression for the power is 

P = E m sin tot x I m sin (cot — <f>) 

= E m I m sin cot . sin ( cot — 4>) 

= E m I m sin cot (sin cot cos 4> — . cos cot sin <f>) 

= E m I m (sin 2 cot cos <f> — sin cot cos cot sin <f>). 
Now the average value of (sin cot cos cot) over one cycle is zero*, 
Therefore P = E m I m (sin 2 cot cos <j>) 

= iE m I m Q. - cos 2cot) (cos <f>) 

= E Tm , Irms COS <£ (15) 

(since the average value of I cos 2cot = 0*) 



where P is expressed in watts, E and / in volts and amperes. 



Fig. 4.19. Power in an inductive 

circuit with applied sine-wave 

voltage (e). 




•See Chapter 6 Sect. 7(iii) (Definite Integrals). 
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From eqn. (15) the power is equal to the product of the effective voltage and current 
multiplied by cos ^, which is called the Power Factor, its value being given by 

cos <f> = R/VR* + («L) a . 

When the load is purely resistive, L = and the power factor = 1 ; the power is 
therefore P = E rms I rms . 

From (15) we may derive for the general case : 
P = EI cos <f> = EI . R/VR* + (o>L) 2 



Therefore P = I . I^R 2 + (a>L) 2 x R/^/R 2 + (tuL) 2 = PR (16a) 

0rP== tf[l+(a,L)7*'] (16b) 

Therefore R = P/I 2 (17) 

where P — power in watts 

<x>L — inductive reactance in ohms 
R = resistance in ohms 
and / — ■ current in amperes. 

In other words, the total power taken from the line in the circuit of Fig. 4.18A is 
the power dissipated by the effective total resistance R. There is no loss of power 
in an ideal inductance with zero resistance, although it draws current from an a.c. 
line, because the power factor is zero (<f> = 90°, therefore cos <f> = 0). The product 
of / x £ in this case is called the wattless power or reactive power, or more cor- 
rectly the reactive volt-amperes. 

The power factor at any given frequency gives the ratio of the resistance of a coil 
to its impedance and may be used as a figure of merit for the coil. A good coil should 
have a very small power factor. 

The power factor is almost identical with the inverse of the coil magnification factor 
Q (Chapter 9), and the error is less than 1 % for values of Q greater than 7 : 
Q = wL/R = tan <f> 
Power factor = cos <f> = R/Z 

tan <f> Rrf 1/cos $ (error < 1% for <f> > 82°) 
Therefore Power Factor f& 1/Q for Q > 7. 



SECTION 6 : IMPEDANCE AND ADMITTANCE 

(j) Impedance a complex quantity (it) Series circuits with L, C and R (Hi) Parallel 
combinations of L, C and R (iv) Series-parallel combinations of L, C and R (v) 
Conductance, susceptance and admittance (vi) Conversion from series to parallel 
impedance. 

(i) Impedance, a complex quantity 

Impedance has already been introduced in Sections 4 and 5, in connection with 
series circuits of C and R or L and R. Impedance is a complex quantity, having both a 
resistive and a reactive component. We are therefore concerned, not only with its 
magnitude, but also with its phase angle. 

(ii) Series circuits with L, C and R 

When a resistance, an inductance and a capacitance are connected in series across 
an a.c. line (Fig. 4.20A), the same current will flow through each. 

In using the; notation, remember that j simply means 90° positive vector rotation 
(the voltage drop for an inductance) and — / means 90° negative vector rotation (the 
voltage drop for a capacitance). 

In terms of the effective values 
where E = applied voltage 
and J = current through circuit, we have : 
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Voltage drop through R = RI 
» si » L = joLI 

„ „ „ C = (— j/u>C)I 

The total voltage drop is equal to the applied voltage, 
therefore E = [R + j(a>L - 1/^C)] / 

Hence Z = R +j(<oL - 1/wC) (1) 

Here R is the resistive component of Z, while (toL — 1 /a>C) is the reactive com- 
ponent. 

It may therefore be written as 

Z = R + jXwhereX = (wL - 1/coC). 
For example, let i? = 500 ohms, L = 20 henrys, and C = 1 /xF, all connected in 
series across an a.c. line with a frequency of 50 c/s. 
Then w = 2v x 50 = 314 

1/oC = 1/(314 x 10~ 6 ) = 3180 ohms 

X = coL - 1/coC = 6280 - 3180 = 3100 ohms 
(the positive sign indicates that this is inductively reactive) and 
Z = R + jX = 500 + j 3100. 
If L had been 5 henrys, then X would have been 

1570 - 3180 = - 1610 ohms 
which is capacitively reactive. 

The phase angle is given by tan <f> = X/R. The magnitude of the impedance 
is given by \Z\ = VR 2 + («>L - 1/coC) 2 (la) 



i((JL-l/uC) I 



e-E m siNtot 




Fitr 4 90 ( A\ C^ r "tP* " f 

2?, L and C in series 
across a.c. line (J3) Vector 
diagram of voltag?. re- 
lationships. 



This may be illustrated by means of a vector diagram (Fig. 4.20 B) where / is drawn 
to any convenient scale. The voltage-drop vectors are then drawn, to the selected 
voltage scale, RI in phase with I } jcoLI at, 90° in advance of / and —jl/caC lagging 
90° behind /. The simplest method of combining the three vectors is to take either 
a>LI or I/toC, whichever is the greater, and then to subtract the other from it, since 
these two are exactly in phase opposition. In diagram B, wLI is the greater, so that 
If ayC is subtracted from mLI to give («L — l/a>C)I. The two remaining vectors, 
RI and j(a>L — l/wC)I are then combined by completing the parallelogram, to give 
the resultant 2.1 which, of course, must be equal to the applied voltage E. 

A special case arises when coL = 1/toC in eqn. (1) ; the reactive component 
becomes zero and Z = R. This is the phenomenon of series resonance which 
is considered in greater detail in Chapter 9. 

Special cases of equation (1) 

R and L only : Put 1/coC = 0, Z 
R and C only : Put wL = 0, Z 
L and C only : Put R = 0, Z 
R only : Z 

L only : Z 

C only : Z 

Note that Q = |tan^| = \X\/R. 

A table of inductive reactances is given in Chapter 38 Sect. 9(i) Table 41. 

A table of capacitive reactances is given in Chapter 38 Sect. 9(ii) Table 42. 

A table and two charts to find X, R or Z, when a reactance and resistance are con- 
nected in series, any two values being known, is given in Chap. 38 Sect 9(iv) Table 44. 



= JR +jwL 

= R -j/coC = R + 1/jcoC 

= j(a>L - l/a>C) 

= R +j0 

= +jwL 

= —j/coC = 1/jcoC 



Series Combinations of L, C and R 



Series combination 


Impedance 
Z =R +JX 


Magnitude of impedance 

\Z\ = VR* + X s 


Phase angle 
<f> = tan" 1 (X/R) 


Admittance* 
Y = 1/Z 


R 


ohms 
R 


ohms 
R 


radians 



mhos 
1/R 


L 


+ja>L 


ojL, 


+ n/2 


-7(1/ c-L) 


C 


-J(1/«C) 


1/toC 


-it/2 


7'wC 


Ri +Ri 


Ri + R a 


Rx + R2 





l/(« x + R 2 ) 


LW)U 


+jw(L x + L 2 ± 2M) 


o>(Z-i + L, ± 2Af) 


+ 7T/2 


-JI<»{L X + L 2 ± 2Af) 


O + C t 


.1 (C x + C,\ 


1 (O + C 2 \ 


IT 

~~2 


. ( OO ^ 

H Cl + cj 


R + L 


R + jcoL 




tan-1 lT 


R —jutL 
R* + <»*L % 


A/A 2 + o> 2 L a 


R + C 


R ~ j ^c 




1 

- tan * pr . 


m % C*R +jwC 
o) a C 2 i? 2 + 1 


/ u»*C % R* + 1 

^ o>*C 2 


L + C 


+>(" L -^) 


L_(--f c ) 


7T 

±2 


jcoC 
io*LC - 1 


R + L + C 


R +K^-^c) 




tSn \ * ) 


r -k<»l - 1/0.0 

R* + (o,L - l/o,0* 


^ R ' + ('° L -^)' 



•See Sect. 6(v) below. 
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General case with a number of arms connected in series, each arm being 
of the form R + X 

Arm (1) : Z x = i?! + jX x (i.e. R± in series with XJ 
Arm (2): Z 2 = R t + jX z 
Arm (3) : Z 3 = R 3 + jX a etc. 
then the total impedance is given by 

Z = (#, 4- R 2 + R s + . . .) +j {X, + X 2 + X 3 + . . .) 

(iii) Parallel combinations of L, C and R 

When a number of resistance and reactive elements are connected in parallel across 
an a.c. line, the same voltage is applied across each. For example in Fig. 4.20C there 
are three parallel paths across the ax. line, and the current through each may be 
determined separately. 

Let E = r.m.s. value of line voltage. 

Then r.m.s. current through L = I x — E /<aL 

„ „ „ ,, C = la = E oiC 

>3 »3 »3 J3 R = I* =■ E /R. 

The phase relationships between these currents are shown in Fig. 4.20D. There 
is 180° phase angle between the current through L and that through C, so that the 
resultant of these two currents is (7 2 — A)- The vector resultant of (I 2 — 1%) and I 9 
is given by /„ in Fig. 4.20D. Thus the current through L and C may be considerably 
greater than the total line current /„. 



1 LoJ Cj_ 4 



If "t 




iiW-o) 



F'G.«.2°C r.t («|>— 90-) FIC .4.20D 

Fig. 4.20. C Circuit of R, L and C in parallel across a.c. line. 
Fig. 4.20.D Vector diagram of voltage relationships. 

The impedance of the parallel combination may be derived by considering L and C 
as being replaced by a single reactive element having a reactance of l/(wC — l/a>L y . 
Note that with parallel connection, the convention is that the phase of the capacitive 
element is taken as positive. Thus 

-F+^-(- c -i) 



Therefore Z = ^— 



i Jr-^^-Jl) 

i+'"(- c -i) 7S-''(- c -i;) 



aj'+c-'-a)' 



■2) 





Parallel combinations of L, C and R 




Parallel combination 


Impedance 
Z = R + jX 


Magnitude of impedance 
\Z\ = \/R 2 + X* 


Phase angle 
4 = tan' 1 (X/R) 


Admittance* 
Y = 1/Z 


R 1} R% 


ohms 

R1R2 

Ri + R* 


ohms 

RJR.2 

Rx + R> 


radians 



mhos 
R\R* 


C u Ci 


1 


1 


IT 

~2 


+ jwCCj. + 


1 wid + O 


wCCi + C 8 ) 


L,R 


w*L*R +jcjLR 2 
w*L* + R* 


coLR 


„ X R 
tan 1 — = 


1 y 

2? o»L 


V"> a L 2 + i? 2 


R, C 


R -ju>R 3 C 

1 + a>*R 2 C* 


R 


tan _1 (- wRC) 


^■+y«c 


Vi + w 2 i? 2 c a 


L, C 


<oL 


a>L 


IT 

±2 


'(--£) 


+ J 1 - co 2 LC 


1 - w*LC 


LxCAflL, 


. UU - M 2 
+ Ja> L l + L 2 T 2M 


L t L 2 - M* 
m L x + L 2 =F 2Af 


7T 

±2 


.1 /Li + L 2 T 2M\ 
7 o> \ UL2 - M* J 


L, C, R 


\-K- c -^l) 


i? 


tan -1 - fl( wC - — r ) 




ay+c-o-i)' 


1 — — 



•See Sect. 6(v) below. 



Note that Q — I tan 9) I. 
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The magnitude of the impedance of a reactance X in parallel with a resistance R is 
given by 



\Z\ 



RX 



VX 2 + R* 
a>LR 



v« 



1 + R* 
R 



Vi + 



R 



when X = coL 



whenX = 1/aiC 



Vl + R 2 (o>C - l/a>L) z 



A table and a chart to find X,RotZ when a reactance 
and resistance are connected in parallel, is given in 
Chapter 38 Sect. 9(iii) Table 43. 

A simple graphical method for determining the re- 
sultant impedance of a reactance and a resistance in 
parallel is given in Fig. 4.20E where OA and OB repre- 
sent R and X respectively and OD is drawn at right 
angles to the hypotenuse. The length OD represents 
the scalar value of the resultant impedance, while the 
angle DOA is equal to the phase angle 4> between the 
applied voltage and the resultant current. 

For other graphical methods for impedances in parallel 
see Reed, C.R.G. (letter) W.E. 28.328 (Jan. 1951) 32 ; 
Benson, F. A. (letter) W.E. 28.331 (April 1951) 128. 



{when L and C \ 
are in parallel J 

B 



(3a) 



(3b) 



(3c) 



(3d) 



FIG. 4.20 E 




4.205. Impedances 
in parallel. 



(iv) Series-parallel combinations of L, C and R 

Some simple combinations of L, C and R are described in (A) to (E) below, 
general procedure for other combinations is described in (F) below. 
(A) Parallel tuned circuit with losses in both L and C (Fig. 4.21A) 

Impedance of branch (1) : Z x = i? x +ja>L 
„ „ (2): Z,=22,-y/«C 

Let Z = total impedance of Z x and Z 2 in parallel. 

Z X Z 2 (R 1 + t jo>LXR 2 -j-/coC) 

Then Z = 



Z t + Z 2 (R t + RJ +j(coL - 1/coC) 
Multiplying both numerator and denominator by (/?! + jR 2 ) — j{coL — 
we have 

„ (R& + ja>LR 2 - jRJ<»C + L/C)[R 1 + R 2 - /(o>L - 1/o.C)] 



V 



Let Z = 



A+jB 



+ (o>l - i/cocy 



The 



(4b) 

(4c) 
»C), 

(5) 
(6) 



+ 



(*! + R 2 y + (<oL - i/wcy 

and let us now determine the values of A and B : 

Numerator = Ri 2 R 2 + jR x R 2 a>L - jR^/oC + R X L/C + RJt 2 2 

- jRJit/taC + R 2 L/C - jR&uL + R 2 a> 2 L 

- ja>L 2 /C + jR 1 RJotC - RJL/C + RJ*> 2 C 2 
= R^R* + R 1 R 2 2 + R 2 <o 2 L 2 + R 1 /(o 2 C 2 + jlR 2 2 a>L 

- <oL 2 /C + L/-aC*]. 
Therefore A = R&iRi + R 2 ) + R 2 o 2 L* + R 1 /<o*C* 
and B = R 2 2 a>L - R 1 2 /ojC - (L/C)(wL - 1/wC) 
which values should be used in eqn. (6). 

Note that A divided by the denominator (eqn. 6) is the effective resistance of the 
total circuit, while B divided by the denominator is the effective reactance. 

The magnitude of the impedance may be obtained most readily from eqn. (4c) 
by replacing Z x and Z s in the numerator only by Z X L$\ and Z 2 Z^s respectively. 



f'R 2 2 a>L 

- Rr.L/C 

+ jL/aC* 

- R^/ooC 

(7) 
(8) 
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(R 1 +R i ) +j\coL -1/coC) 
where Z x = V^i 2 + " 2 £ 2 
and Z 2 



£iZ.-Z.(*i + fa) 



(R t +R 2 ) +j(wL - 1/a.Q 



= V^2 2 + l/o> 2 C 2 



whence |Z| = 



(flx 2 + a»«L*XK,» + 1/^ 2 C 2 ) 



>C) S 



i.e 



= tan" 



|Z| = 



(i?i + R*y + {<»l - 1/ 

The phase angle is given by tan -1 B/A 

R 2 2 <oL - RS/aC - (L/CXwL - l/o)C) " 
RJURi + R2) + Rz<»*L* + R 1 /<o 2 C 2 
When LCco s = 1, eqn. (10) may be reduced to 

L [1 + (C/LXRi* + ^V) + (C 2 /L 2 ) 3, '£,»]» 

C 7? 4- R 

or |Z| «* (L/QCi?! +RJ 
with an error < 1% provided Q > 10 
where Q = coL/iR^ + R 2 ). 



(9) 

(10) 

(11) 

(12) 
(13) 




Fig. 4.21. 04) Network incorporating 4 elements for impedance calculations (B) 
Simplified network with 3 elements. 

(B) Parallel tuned circuit with loss in L only (Fig. 4.21B) 
This is a special case of (A) in which R 3 = 0. 
It may be shown that eqn. (5) becomes 

R -ja [CR 2 + L (<o 2 LC - 1)] 



<o*C 2 R 2 + (a>*LC - l) 2 

The magnitude of the impedance derived from eqn. (10) becomes 

, z . = r ** + " 2L2 i* 

11 \_w 2 C 2 R 2 + (a> 2 LC - 1) 2 J 

The phase angle derived from eqn. (11) becomes 
»[L(1 - w 2 LC) - CR 2 ] 



= tan 



R 



(14) 



(15) 



(16) 



(a) The effective reactance of eqn. (14) is zero (i.e. the power factor is unity) 

when 

CR 2 = L(l - «> 2 LC) 
i.e. when <o 2 L 2 C = L - CR 2 



i.e. when 



J_ _ .R 2 
which can be written in the form 



J' 



(17) 



when 



1 / CR 2 I 



CR 2 

Vlc^_ TT~ ""' v A " X~ (18) 

where o> = l/\/LC is the value of w when the resistance i? is zero. 

This condition, namely that the effective reactance is zero, which may also be 
expressed as the condition of unity power factor, is one of several possible definitions 
of parallel resonance. This is the definition used in Chapter 9. It should be 
noted that the expression giving the value of w is not independent of the resistance 
in the circuit as is the case with series resonance. 
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If LCco 2 = 1, which is the condition for resonance" if the resistance is zero, the 
impedance is given very closely, when R is small, by 

Z ^ L/CR (19) 

The remaining possible definitions of parallel resonance are conditions to give 
maximum impedance. The condition of maximum impedance is sometimes called 
anti-resonance. Maximum impedance occurs under slightly different conditions 
for the variables C, L and to*. 

(b) Condition of maximum total impedance when C is the variable 

The maximum value of Z which can be obtained is 

R, 2 + C0 2 L 2 

\Z\ max = -^-^ = Rid + Of) (20) 

where Q = coL/Rx 

L 

which occurs when C = „ . , 57-, (21) 

Ri + w 2 L z 

This is also the condition giving unity power factor. 

(c) Condition of maximum total impedance when L is the variable 

The maximum value of Z which can be obtained is 

izu * = vi + 4»»c»u 1 « ^7 (22) 



1 + Vl + 4o 2 C 2 R 1 2 
which occurs when L = ^ — vp. (23) 

iitO O 

or when C = w 2£2 _ 25 2 ( 24 ) 

If Z, is the variable and Q is maintained constant, the maximum value of Z which 
can be obtained is 

\Z\ max = Q/*C (25) 

<2 2 

which occurs when L = 2/7/1 1 Q2\ C 2 ^) 

(d) Condition of maximum total impedance when the applied frequency 
is the variable 

The maximum value of Z which can be obtained is 

L 

\Z\ ma 



(27) 
o-v "x c V /v -m ^ t 1 - iy 

which occurs when 



cVflx 2 - ^ W^Ri'i + 1 - i) 2 

c = 2./ = f V(2R 1 'C/L) + T R t * (28) 

V LC L 2 

In practice, for all normal values of Q(= wL/R) as used in tuned circuits, these 
four cases are almost identical and the frequency of parallel resonance is approxi- 
mately the same as that for series resonance. 

We may summarise the resonance frequencies for the various conditions given 
above : 

Series resonance LCco 2 = 1 

Parallel resonance (sl) LCco 2 = 1 — CR 2 /L 

(b) LCco 2 = 1 - CR 2 /L 

(c) LCo, 2 = 1 + CR 2 /L 

(d) LCw 2 = Vl + 2CR 2 /L - CR 2 /L 

♦See R. S. Glasgow (Book) " Principles of Radio Engineering " (McGraw-Hill Book Co., New York 
and London, 1936) pp. 35-44. 
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Note that CR*/L = 1/Q 2 under conditions (a) and (b) 
CR*/L tat 1/Q 2 under conditions (c) and (d). 
For further information on tuned circuits see Chapter 9. 

(C) Circuit of Fig. 4.21C 

This is a special case of Fig. 4.21A in which 

(l/wC) = 0. From eqn. (6) 

RtRiiRi + R 2 ) + Rz<»*L 2 + j <oLR 2 2 



From eqn. (10), 



From eqn. (11) 



R 3 



tan" 



(/?! + R 2 y + *» 2 l* 

R t 2 + w*L* 
(R 1 + R 2 )* + u> 2 L\ 

a>LR 2 

R 1 (R l + R 2 ) + w*L 2 



(29) 
(30) 

(31) 



(D) Circuit of Fig. 4.21D 

Impedance of arm (1) = Z x = R t + j(a>L 1 — 1/coCx) 
» » 33 (2) = Z 2 = R 2 + j{a>L 2 — 1/wCj) 

Let Xi = cdLi — l/wC 1 
and X 2 = oiLi — l/toC 2 
then Z x = R 1 + jX x ; Z 2 = R 2 + jX 2 . 

7 = Z t Z 2 _ (R 1 +jX 1 )(R 2 +jX 2 ) 

Zi + Z 2 (R t + R 2 ) +j\X 1 + X 2 ) 
= (R 1 R 2 - X l X 1 ) + j(R 1 X i + .R^x) 

(i? 1 + i? 2 )+y(x 1 +x 2 ) 

which may be put into the form 

R^R,* + X 2 2 ) + R 2 (R 1 2 + X^) +j[X 1 (R 2 * + X 2 *)+X 2 (R 1 * + X 1 2 )] 
(i?x +R 2 ) 2 + (X x + x 2 y 
The magnitude of the impedance may be derived by the method used for deriving 
eqn, (10)— 



(32) 



\Z\ 



(RS + JVXiV + x 2 2 ) 



_(R 1 +R 2 ) 2 +(X 1 +X i )\ 
The phase angle may be derived from eqn. (32) — 

XJR,* + X a *) + X 2 (iV + X x *) 
* *x(2V 4- X 2 2 ) + i? 2 (/V + X^) 



(33) 



(34) 



(E) Circuit of Fig. 4.21E 

1. Determine the impedance (Zx) of L x C x and 2? x in series, using eqn. (1) — 

Zx =R 1 +K<oL 1 - 1/cCO (35; 

2. Determine the impedance (Z 2 ) of L 2 C a and R 2 in parallel using eqn. (2) but 
separating the resistive and reactive components- 

J_ 

R 2 ^~~ 2 ^j (36) 

-J 



Z, = 






3. Determine the combined impedance (Z) by adding the resistive and reactive 
components of (14) and (15) — 

Z = A +JB (37) 

1 



where A = Ri 4- 



£ 2 



Gj-y+0-c.-^y 
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0)t> 2 



and B 



cdLx — 



The magnitude of the impedance is given by 

\Z\ = VA 2 + B 2 
The phase angle <j> is given by 

$ = tan -1 (B/4) 
where A and JB have the same values as for eqn. (37). 



(38) 
(39) 




o — «vw— 'TiP 1 — 1£ 1 



FIG.4.2ID 



"-i/k c »> R * 



FIG.4.2IC .. .-.-..- ~ FIG.4.2IE 

Fig. 4.21 . (C) (D) (27) Series-parallel networks for impedance calculations. 

(F) General procedure to find the impedance of a two-terminal network 

1. If possible, divide the network into two or more parallel branches, each of which 
is connected to the two terminals but has no other connection with any other branch. 

2. Find the impedance of each branch, using the methods described in A, B and C 
above. 

3. Determine the impedance (Z) of the network from the relation 

" 1 1 1 1 

-y = 7--+y-+y-+... (40) 

Note : If there are more than two parallel branches it is more convenient to work 
in terms of admittance — see Sect. 6(v) below. 

Alternatively, if the circuit cannot be divided into parallel branches, treat it as a 
series circuit, firstly determining the resistive and reactive components of each section, 
and then adding all the resistive and all the reactive values separately, as in (E). 

(v) Conductance, susceptance and admittance 

In an arm* containing both reactance and resistance in series, the conductance 

(G x ) of the arm is given by 

Gl = W+x? "^ (41; 

where X ± = (wLx — 1/wC-). 

When there are a number of such arms in parallel, the resultant conductance is 
the sum of their separate conductances, that is 
G = GX + G2 + GS + ... 

The susceptance (B x ) of the arm under similar conditions, is given by 

Bi = Ri2 + X Xi2 mhos (42) 

where X t = (wLi — l/wCJ. 

[Inductive susceptance is regarded as positive. Capacitive susceptance is regarded 
as negative.] 

When there are a number of such arms in parallel, the resultant susceptance is the 
sum of their separate susceptances, 

B = B x + B 2 + B 3 + . . . (43) 

When any arm includes only resistance, the conductance of the arm is 1/Ri 
and the susceptance zero, 

i.e. G x = 1/Rj_ B x = 0. 

* An ann is a distinct set of elements in a network, electrically isolated from all other conductors except 
at two points. 



154 (v) CONDUCTANCE, SUSCEPTANCE, ADMITTANCE 4.6 

When any arm has only inductance, the conductance of the arm is zero and the 
susceptance is l/a>L l3 

i.e. G t = B x = 1/aLj. 

When any arm has only capacitance, the conductance of the arm is zero, and 
the susceptance is — wC, 

i.e. (?! = B x = -<oC 

The following relationships hold between R, X, G and B 

G B 

R = G 2 + B 2 ' X = G 2 + B 2 ^ 

The admittance (Y 3 ) of any arm containing resistance and reactance in 
series is given by 

Yl = G ± -jB 1 (45) 

Ri -jXi 1 1 

i.e. Yl = Gl -j Bl = Rii+ ^ i = ^- T7 ^«_, (46) 

indicating that the admittance is the reciprocal of the impedance. 

Thus the value of the admittance may always be derived from the impedance — 
v 1 _ * R-jX R-jX 

Z R +JX R -jX R 2 + X 2 K } 

1 1 G +jB G +jB 

Similarly Z = y = G^jB 'gTW^G^TB 2 (46b) 

The negative sign in front of jB in eqn. (45) deserves special attention — 
Admittance of inductive arm (R and L in series) : 

Y =G-jB= R ^ o)iLa (47) 
Admittance of capacitive arm (R and C in series) : 

v = r 4- r = *+>/" c = "'C'K+ya>C r4R 

+ ; jR 2 + l/o> 2 C 2 w 2 C 2 R 2 + 1 ^ '' 
The admittance of any arm containing resistance, capacitance and in- 
ductance in series (Fig. 4.20A) is given by 

Y = G -jB (49) 

where G = 



and 



R 2 + X 2 
X = (wL - 1/wC) 

X (wL - l/o)C) 



R 2 + X 2 R 2 + (a>L - 1/wC) 2 

* acfOTe Y = R* + („L - l/o>C) 2 (50) 

Values of admittance for various series combinations are included in the table in 
Sect 6(iii). 

Admittance of parallel-connected impedances 

L and R in parallel : G = G x + G 2 = + 1/R = \/R 

B = B x + B 2 = l/a>L + = l/o>L 
therefore Y = G - jB = (1/R) -j(l/a>L) 
Similarly 

C and R in parallel : Y = G - jB = (1/R) +ja>C 
L and C in parallel : Y = G - jB = j(a>C - 1/wL) 
L, C and £ in parallel : Y = G - jB = (1/R) + j((oC - 1/wQ 
See also table of Parallel Combinations of L, C and R — Column 5, in Sect. 6(iii). 

Admittance of series-parallel-connected impedances 

When there are a number of arms in parallel, each arm including resistance and 
reactance in series, 
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Arm (1) : Z x = R x + jX 1 or Y 1 = G x - jB x 

Arm (2) : Z 2 = R 2 + jX z or Z 2 = G 2 - jB 2 

Arm (3) : Z 3 = R 3 + jX % or Y 3 = G 3 —jB 9 etc. 

where X r — (wL x — 1/wd) etc. 

then the total admittance is given by the vector sum 

Y = Y x + Y 2 + Y 3 + . . . 

= (G x + G 2 + G s + . . .) -j\B 1 + B 2 + B 3 + . . .) 



(51) 



The following examples may alternatively be handled by the use of eqn.(46a) 
provided that the value of Z is known. 

Example (A) : Fig. 4.21A 

Arm (1) is inductive : Yj = G x — jB x 



G x 



; 5 1 = 



i?! 2 + ^ 2 ' * R^ + X x 2 
Arm (2) is capacitive : Y 2 = G 2 + /2? 2 

■R2 _ .Xa 



2V + X 2 



5 B 2 = 



IV + X 2 



(Xi = <oL) 



CY a = - i/»o 
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Fig. 4.21F. Chart for conversion between resistance and reactance, and conductance 
and susceptance • 

Z = (R± jX) 10", Y = (G T jB) 10-\ 
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On collecting the terms we get 
Y = (G 1 + G 2 )-y(B 1 +B 2 ) 

R 1 + ^C^Rz (R x + R 2 ) + co'L^C 2 ^ 



+ jo> 



(i^ 2 + CU 2 L 2 )(1 + «> 2 C 2 K 2 2 ) 

C/^ 2 - L + a>*LC(L - Cfl 2 2 )' 



(R^ + co 2 L 2 )(l + a>*C 2 R 2 *) 
Example (B) :" Fig. 4.21B. 

This is a special case of (A) in which R 2 = 0. From eqn. (52) 
R -/a>[L(l - o> 2 LC) - CR*] 
# 2 + w 2 L 2 
Example (C) : Fig. 4.21 C. 

This is a special case of Example (A) in which X t 
Ri (Ri + R2) + <»*L* -ja>LR 2 



(1/coC) = 0. 



Example (D) : 
Y x = Gx 



R 2 (i? x 2 + «> 2 L 2 ) 

Fig. 4.21D. 

Ri 
-JB 1 



(52) 



(53) 



(54) 



■JB, 



Ri 



Ri 2 


R* 


R2 2 


+ x 2 * 
Ri 



-J 



-J 



x 1 



Rt* + X t 2 + K 2 2 + X 2 2 J 
R 1 R i (R 1 +R 2 ) +R t X 2 2 +R 2 X t '• 



R x 2 + Xi s 
X 2 

Rz 2 + X 2 * 

X t 



X* 



RS +X^ ' K 2 2 +X Z 

'-JIR, 2 X, +R t *X X +X 1 X t (X i +X 2 )} 



(/? 1 2 +X 1 2 )(/? 2 2 +X 2 2 ) 



(55) 



Chart for conversion between resistance and reactance, conductance and 
susceptance. 

Fig. 4.2 IF can be used in conversions between resistance and reactance, and con- 
ductance and susceptance. 

Example 1. The impedance of a circuit is 1 + j 0.3 ; determine its admittance. 

Method: Z = 1.0 +/0.3. Enter the chart on the semi-circle R = 1.0 and 
follow it until it meets the arc X — 0.3. The corresponding values of G and B are 
0.917 and 0.275. Thus Y = 0.917 - / 0.275. 

Example 2. The admittance of a circuit is 0.000 004 + / 0.000 013 ; determine 
its impedance. 

Method : Y = 0.000 004 + j 0.000 013 = (0.4 + / 1.3) x 10 5 . 

Enter the chart on the lines G = 0.4 and B = 1.3. 

The intersection is at R = 0.22, X = 0.7. Thus 

Z = (0.22 - j 0.7)10 5 = 22 000 - j 70 000. 

At series resonance, o»L = 1/wC 

and X = 0, so that Y = G = 1/R. 

The admittance at any frequency is 
given graphically by the Admittance 
Circle Diagram (Fig. 4.22) in which 
the vector OY represents the admit- 
tance, where Y is any point on the circle. 
The diameter of the circle is equal to 
1/R and the admittance at series re- 
sonance, when the frequency is / , is 
represented by OA. 

As the frequency of the voltage ap- 
plied to the series tuned circuit (Fig. 
4.20A) is increased from zero to in- 




(r«onancc) 



Fig. 4.22. Admittance circle diagram. 
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finity, so the point Y moves from O (at zero frequency) through C to A (at resonance) 
and thence through E to O again (at an infinite frequency). The angle </> is the angle 
by which the current i leads the applied voltage e ; when <f> is negative the current 
lags behind the voltage. Thus when OY lies in the upper portion of the circle the 
circuit is capacitive, and when it lies in the lower portion of the circle the circuit is 
inductive. 



Fig. 4.22.A Series form of imped- 
ance ; (B) Equivalent parallel form. 



-QJ- 



FIG.4.22A 



When Y is at the point C, the admittance will be represented by OC and <f> will 
be 45° ; the reactive and resistive components of the impedance will therefore be 
equal. At zero frequency <f> will be +90° and the admittance will be zero : at in- 
finite frequency <f> will be —90° and the admittance will also be zero. 

(vi) Conversion from series to parallel impedance 

It is possible to convert from the series form Z = R, + jX s as shown in Fig. 4.22A 
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Fig. 4.22C Chart for conversion between series resistance and reactance and 
equivalent parallel resistance and reactance. 



158 (vi) CONVERSION: SERIES TO PARALLEL IMPEDANCE 4.6 

to the equivalent parallel form (B) and vice versa. 

«• ~r X p a, ivj 



Rm X„ 



x, = 



■X.pti p iVj 



(1) If 


Rv 


> 10* w 


then 


R» 


^ X 9 */R,i 


and 


R* 


t* x.*/R.i 


(2) If 


R„ 


< 0.1 X P , 


then 


R, 


f& R p ; 


and 


Rv 


at R a ; 



R P * + X P * Xp R^ (57) 

" p Up 
The following approximations hold with an error within 1% : 

or if R, < 0.1 X„ 

X, at Xp (58) 

Xp f$t X,. (59) 

or if R, > 10X, 

X, t* RpVX v (60) 

Xp at R a */X, (61) 

Fig. 4.22C can be used to make this conversion. 

Example 1. Find the parallel circuit equivalent to a series connection of a 10. ohm 
resistor (R a ) and an inductor with a reactance of 3 ohms (X,). 

Method : Enter the chart vertically from R, = 10 and horizontally from X, — 3. 
These lines intersect at R v = 10.9 and X v = 36, so the equivalent parallel connec- 
tion requires a 10.9 ohm resistor and an inductor with a reactance of 36 ohms. 

Example 2. Find the series circuit equivalent to a parallel connection of a 30 000 
ohm resistor and a capacitor with a reactance of —8000 ohms. 

Method : Enter the chart on the arcs R v = 30 and X P = 8. The intersection is 
at R, = 2 and X, = 7.5, so the appropriate series elements are R, = 2000 ohms and 
X, = 7500 ohms. 



SECTION 7 : NETWORKS 

(i) Introduction to networks (») Kirchhojfs Laws (Hi) Potential Dividers (iv) 
Thevenin's Thereom (v) Norton's Theorem (vi) Maximum Power Transfer Theorem 
(vii) Reciprocity Theorem (viii) Superposition Theorem (ix) Compensation Theorem 
(x) Four-terminal networks (xi) Multi-mesh networks (xii) Non-linear components 
in networks (xiii) Phase-shift networks (xiv) Transients in networks (xv) Refer- 
ences to networks. 

(i) Introduction to networks 

A network is any combination of impedances (" elements ") — whether resistances, 
inductances, mutual inductances or capacitances. Ohm's law may be applied either 
to the voltage drop in any element, or in any branch, or to the voltage applied to the 
whole network, involving the total network current and total network impedance, 
provided that the impedances of the elements are constant. Other laws and theorems 
which may be used for the solution of network problems are described below. 

In network analysis it is assumed that the impedances of elements remain constant 
under all conditions ; that is that the elements are linear devices. Some types of 
resistors and capacitors and all air-cored inductors are linear, but iron-cored inductors 
and amplifying valves are non-linear. Other non-linear devices include granule- 
type microphones, electrolytic condensers, glow lamps, barretters (ballast tubes), 
electric lamp filaments, temperature-controlled resistances such as thermistors*, 
and thyrite.t However, it is usually found that satisfactory results may be obtained 
by applying the average characteristics of the non-linear devices under their operating 
conditions. Further consideration of non-linear components is given in Sect. 7(xii). 

♦Thermistors are resistors with a high negative temperature coefficient. See Sect. 9(i)n. 

tThyrite is a conductor whose resistance falls in the ratio 12.6 : 1 every time the voltage is doubled, 
over a current ratio 10 000 000 to 1. See K. B. McEachron " Thyrite, a new material for lightning 
arresters " General Electric Review (U.S.A.) 33.2 (Feb. 1930) 92. 
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Rectifiers, whether thermionic or otherwise, are non-linear devices ; they are 
frequently represented by an equivalent circuit having a fixed series resistance in the 
conducting direction and infinitely high resistance in the other. This approximation 
is very inaccurate at low levels where they have effective resistance varying as a func- 
tion of the applied voltage, while some rectifiers pass appreciable current in the reverse 
direction. 

Most elements (resistors, capacitors and inductors) transmit energy equally in either 
direction and are referred to as " bilateral ", but thermionic valves operate only in 
one direction (" unilateral ") ; when the latter form part of a network it is necessary 
to exercise care, particularly if they are represented by equivalent circuits. 

Hints on the solution of network problems 

A complete solution of a network involves the determination of the current through 
every element (or around every mesh). With simple networks the normal procedure 
is to apply Kirchhoff's Laws — Sect. 7(ii) — until all the currents and their directions 
have been determined. The voltage drop across any element may then be derived 
from a knowledge of the impedance of the element and the current through it. 

As a first stage it is important to simplify the circuit, and to draw an equivalent 
circuit diagram for analysis. 

If in any arm there are two or more resistors connected in series, the equivalent 
circuit diagram should be drawn with 

R=R 1 +R 2 + ... 

Similarly with inductance L = L x + L 2 + . . . 
and with capacitance 1 

If in any part of the circuit there are two or more elements of the same kind in 
parallel (whether R, L, or C) the resultant should be determined and applied to the 
equivalent circuit diagram. 

An exception to this rule is where it is merely required to calculate the output 
voltage from a passive resistive 4-terminal network. In this case it is sometimes 
helpful to arrange the network in the form of a potential divider, or sequence of 
dividers, and to use the method of Sect. 7(iii). 

It is very important to mark on the equivalent circuit diagram the directions or 
polarities of the applied voltages (whether direct or alternating) and the assumed direc- 
tions of the currents ; if any one of the latter is incorrect, this will be shown by a 
negative sign in the calculated value. A clockwise direction for the flow of current 
around any mesh is conventional. 

In some cases it may be found simpler to reduce a passive 4-terminal network to 
an equivalent T or -a section — see Sect. 7(x) — than to analyse it by means of Kirch- 
hoff's Laws. 

Definitions 

An element is the smallest entity (i.e. a distinct unit) which may be connected 
in a network — e.g. L, C or R. 

An arm is a distinct set of elements, electrically isolated from all other conductors 
except at two points. 

A series arm conducts the main current in the direction of propagation. 

A shunt arm diverts a part of the main current. 

A branch is one of several parallel paths. 

A mesh is a combination of elements forming a closed path. 

A two-terminal network is one which has only two terminals for the application 
of a source of power or connection to another network. 

A four-terminal network is one which has four terminals for the application of 
a source of power or connections to other networks. The common form of four- 
terminal network has two input and two output terminals ; this term is used even 
when one input terminal is directly connected to one output terminal, or both earthed. 
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A passive network is one containing no source of power. 

An active network is one containing one or more sources of power (e.g. batteries, 
generators, amplifiers). 

The input circuit of a network is that from which the network derives power. 

The output circuit of a network is that into which the network delivers power. 

Impedance matching — two impedances are said to be matched when they have 
the same magnitude and the same phase angle. 

Reference may also be made to I.R.E. Standard 50IRE4.S1 published in Proc. 
I.R.E.39.1 (Jan. 1951) 27. 

Examples 

An amplifier is a four-terminal active network. 

An attenuator is a four-terminal passive network. 

A conventional tone control is a two-terminal passive network. 

Differentiating and Integrating Networks 

Based on the fundamental mathematical analysis of the circuit, the following terms 
are sometimes used in connection with 4-terminal networks. 

Differentiating Networks — (1) Series resistance and shunt inductance 

or (2) Series capacitance and shunt resistance 
Integrating Networks — (1) Series inductance and shunt resistance 

or (2) Series resistance and shunt capacitance. 

(ii) Kirchhoff 's Laws 

(1) The algebraic sum of all the instantaneous values of all currents flowing 
towards any junction point in a circuit is zero at every instant. 

This is illustrated for d.c. in Fig. 4.23. It will be seen that all junctions and corner 
points are lettered for reference. The polarities of the two batteries and their voltages 
are marked. The currents are marked in the obvious directions or, if this is not clear, 
then arbitrarily in either direction (clockwise around each loop is preferred). Both 
currents and voltages are referred to by the point lettering, 
e.g. i ab is the current flowing from a to & 
i ba is the current flowing from b to a 
e bc is the potential of point b with respect to point c. 
Applying Kirchhoff's first law, at point b 

tab + t/b — He — 

or i ab + i/ b = i bc which is really obvious. 

Positive current is taken as flowing towards the junction point ; negative current as 

flowing away from it. 



He 




Fig. 4.23. Network incorporating 3 elements and 2 d.c. voltage sources. 
Fig. 4.24. Network incorporating 4 elements and one a.c. voltage source. 



This law is illustrated for a.c. in Fig. 4.24 which follows the same general rules as 
for d.c. The instantaneous generator voltage e is shown in an arbitrary direction and 
the directions of the currents are then determined. 

At point b, 

i ab — *&/ — *&c = 

following the general procedure as in the d.c. case. 
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(2) The total rise or fall of potential at any instant in going around any closed 
circuit is zero. 

This is illustrated for d.c. in Fig. 4.23, taking each closed circuit in turn and pro- 
ceeding clockwise in each case. Any voltage source is here regarded as positive if it 
assists in sending current clockwise around the closed circuit (i.e. voltage rise). The 
voltage across any impedance is regarded as negative if the current arrow is in the same 
direction as the direction of travel around the closed circuit (i.e. voltage drop). 
Circuit d a b c d : + 6 - 16 i ab - 10 i b c = (1) 

Circuit d a b f g c d: + 6 - 16 i ab + 8 i fb - 4 = (2) 

Circuit / b c g f : +4- 8 i fb - 10 i be = (3) 

Applying Kirchhoff's first law to point b, 

iab + tfb = tbe (4) 

To find the values of the three unknown currents, it is necessary to apply three 
suitable equations. 

[ Similarly for all other cases — the total number of equations must be equal to the 
number of unknowns. The number of equations based on Kirchhoff's first law should 
be one less than the number of junction points ; those based on his second law should 
equal the number of independent closed paths.] 

Equations (1), (3) and (4) would be sufficient, since (2) merely duplicates parts of 
(!) and (3). 

From (4) : i ab = i b c — i fb 

Applying in (1) : -f 6 - 16(i bc — i fb ) — 10 i be =0 

Therefore + 6 — 16 i b c + 16 i fb — 10 i b c = 

Therefore + 6 - 26 i be + 16 i fb = (5) 

Adding twice (3): + 8 — 20 i be — 16 i fb =0 



Therefore +14-46 i b c =--0 

Therefore i bc — 14/46 ampere. 

The other currents may be found by applying this value in (5) and then in (4). 
Kirchhoff's Second Law is illustrated for a.c. in Fig. 4.24. Here again, as in all 
cases, it is assumed that we move around each loop of the network in a clockwise 
direction. 
The voltage across— 

a resistance is —Ri ^1 where i is in the clockwise direction around 

an inductance is —jauLi > the loop. 

a capacitance is +j(l/a)C)i J 
Circuit d a b c d : e — 2?i* o6 + j (l/coC 1 )i be = 

Therefore R^t, -j(l/«> CJi be = e (6) 

Circuit b f g c b : —ja>L x i bt — R 2 i bf — j\l/(oCi)i bc = 

Therefore 0'coLj. + R 2 )i bf +i(l/«)C 1 >' te == (7) 

Applying Kirchhoff's first law to junction b : 

l ab * bf * b e = 

Therefore i ab = ibt + ibc (8) 

Adding (6) and (7) 

Riiab + (juL! + R^itf = e 
Applying (8), #iiV + Rii be + (/wl^ + R 2 )i bf = e 

Therefore R x i bc + (i? x + R 2 +ja>L 1 )i bf = e (9) 

Multiplying (7) by (—jR 1 eoC 1 ), remembering that j s = — 1, 

Riib c + {R^L^ - jR x R t <aC^ w = (10) 

Subtracting (10) from (9), 

{{R l + R 2 - R^LiCJ +jX<oL x + R&ud)] i bt = e (11) 

which gives the value of i bf when e is known. 

The value of i bc may be found by substituting this value of i bf in eqn. (7) ', i a b 
may then be determined by eqn. (8). 

(iii) Potential Dividers 

The fundamental form of potential divider (also known as voltage divider or poten- 
tiometer) is shown in Fig. 4.25. Here a direct line voltage E is " divided " into two 
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voltages J?i and E 2 , where E = E x + E 2 . If no current is drawn from the junction 
(or tap) B, the voltage across BC is given by 



- \R t + R 2 ) E} 



E 2 = 
and I x = h = £/(/?! + i? 2 ) 



(1) 
(2) 




JFfe. 4.25. Potential divider across 
a d.c. line. 



On load 

When a current I a is drawn from B, the simplest analysis is to consider the effective 
load resistance R 3 which will draw a current I s at a voltage E 2 , i.e. 2? 3 = E 2 /I s . 
We now have resistances R 2 and .R s in parallel, and their total effective resistance is 
therefore 

R' = R i R 3 /(R 2 -f R 3 ). 
In this case the voltage divider is composed of R x and R' in series, and the voltage at 
the point B is given by 



' - \R t + R) 



v 

( R * \r-( RlRi \ 

\R t + Rz)* \R X + R 2 J 



(3) 



The first term on the right hand side is the no-load voltage E 2 ; the second term is the 
further reduction in voltage due to I a — this being a linear equation. 




> R 2 



>»a 



> R 4 E 4 > R b 



10 15 20 25 30mA C 

FIG.4-26 CURRENT (ij) FIG.4-27 

Fig. 4.26. Graphical method for determining the output voltage from a potential 

divider. 
Fig. 4.27. A potential divider with a load in the form of another potential divider. 

Eqn. (3) may be plotted* as in Fig. 4.26 where, as a typical example, E = 250 V, 
2?i = 10 000 and R 2 = 15 000 ohms, so that (R t + R 2 ) = 25 000 ohms. E 2 , for 

♦Cundy, P. F. " Potential Divider Design," W.W. 50.5 (May 1944) 154. 
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no load, is obviously 150 volts (point B) while point C is for the condition of maximum 
current (I max ) and zero voltage. The latter may be determined by putting E 2 = 
in eqn. (3) which gives 

I max = E/Rj. (4) 

In this condition we have, effectively, a resistance R t only, in series with a load of 
zero resistance. 

If points B and C in Fig. 4.26 are joined by a straight line, we may then determine 
the voltage for any value of load current (7 3 ) between zero and maximum. For 
example, with a load current of 10 mA, the voltage will be 90 V (point D). 

It is sometimes useful to calculate on the basis of a drop in voltage (based on the 
no-load voltage E 2 ) of so many volts per milliamp of load current ; in this case the 
drop is 150 volts for 25 mA, or 6 volts per milliamp. This rate of voltage drop is 
actually the negative slope of the line BC. 

The equivalent series source resistance (R s ) is given by 
E 2 150 

* = 7^7= 25 x 10- = 600 ° ohmS - 
This may be put into the alternative form 

" Regulation " is defined differently in American and British practice. 

American definition : The percentage voltage regulation is the difference be- 
tween the full-load and no-load voltages, divided by the full-load voltage and multi- 
plied by 100. 

British definition : The percentage voltage regulation is the difference between 
the full-load and no-load voltages, divided by the no-load voltage and multiplied by 
100. 

In the example above for a current of 10 mA, 

150 - 90 
Regulation = — r^r — x 100 = 40% by British definition. 

The line BD in Fig. 4.26 may be called the " regulation characteristic " for the 
conditions specified above. 

To find the load current corresponding to a specified value of E 2 ', eqn. (3) may be 
re-arranged in the form 

h -R, E * \ R,R 2 ) 
or I 3 = I max - eA rr 2 ) ^ 

Special Case 1 

If it is known that the voltage drops from E 2 at no load to E 2 for a load current I 3 , 
then the voltage E x corresponding to a load current I x is given by 

E X = E 2 -{E 2 -E 2 '){IJI Z ) (8) 

Special case 2 

If the voltages across the load (E x) E v ) for two different values of load current 
{I x) I t ) are known, the voltage at zero load current is given by 

E 2 = ExI * " f Jx (9) 

■* v ■* x 

This is often useful for determining the no load voltage when the voltmeter draws 
appreciable current. A method of applying this with a two range voltmeter has been 
described*, and the true voltage is given by 

•Lafferty, R. E. " A correction formula for voltmeter loading " (letter) Proc. I.R.E. 34.6 (June 1946) 
358. 
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Ei 



(S - 1) E a 



(10) 



5 - (E x /E v ) 
where 5 = ratio of the two voltmeter scales used for the two readings E x and E v , 

E x — voltmeter reading on the higher voltage scale, 
and E y = voltmeter reading on the lower voltage scale. 
If 5 = 2, then 

E x 

Ez ~ 2-{EJE v )' (11) 



Complicated divider network 

When a voltage divider has another voltage divider as its load (Fig. 4.27) the best 
procedure is to work throughout in resistances and voltages, and to leave currents 
until after the voltages have been determined. The final equivalent load resistance 
(R 6 ) must be determined before commencing calculations, then proceed — 



R t in parallel with R s 
R 3 in series with R' : 
R" in parallel with i? 2 



Then E, 



and E t 



\R, + R'"J 

(-z-V 

\R S +R' J 



R = RtR-ARt + R s ) 

R" = R 3 + R' 

R'" = R 2 R"/(R» + R") 



R s +R' 
A somewhat similar procedure may be adopted in any divider network. 

(iv) Thevenin's Theorem (pronounced " tay-venin's ") 
This theorem* may be expressed in various ways, of which one is : 



Fig. 4.28. (A) An im- 
pedance connected to two 
terminals of a network 
(B) Thevenin's equivalent 
circuit. 



(12) 



(13) 






Fig. 4.29. C<4) an im- 
pedance, carrying a current 
I L , connected to two ter- 
minals of a network ; (B) 
Norton's equivalent circuit. 



The current in any impedance, Z L , connected to two terminals of a network 
consisting of any number of impedances and generators (or voltage sources) 
is the same as though Z L were connected to a simple generator, whose gen- 
erated voltage is the Open-circuited voltage at the terminals in question, 
and whose impedance is the impedance of the network looking back from the 
terminals, with all generators replaced by impedances equal to the internal 
impedances of these generators. 

In Fig. 4.28, (A) shows an impedance Z L whose two ends are connected to the ter- 
minals 1, 2 of any network. Diagram (B) shows Thevenin's equivalent circuit, with 
a generator E' and series impedance Z l2 where : 

E' is the voltage measured at the terminals 1, 2, with Z L removed, 
and Z lz is the impedance of the network measured across the terminals 1, 2, when 
looking backwards into the network, with all generators out of operation and each 
replaced by an impedance equal to its internal impedance. 



♦For the proofs of this and subsequent theorems, see W. L. Everitt, Ref. 1 pp. 47-57. 
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(v) Norton's Theorem 

This is similar in many ways to Thevenin's Theorem, but provides a constant cur- 
rent generator and a shunt impedance. 

The current in any impedance Z R , connected to two terminals of a network, 
is the same as though Z R were connected to a constant current generator 
whose generated current is equal to the current which flows through the two 
terminals when these terminals are short-circuited, the constant-current 
generator being in shunt with an impedance equal to the impedance of the 
network looking back from the terminals in question. 

In Fig. 4.29, (A) shows an impedance Z L through which flows a current I L , connected 
to a network. Diagram (B) shows Norton's equivalent circuit, with a constant current 
generator delivering a current /' to an impedance Z 12 in shunt with Z L . As in dia- 
gram A, the current through Z L is I t . 

Here I' = E'/Z 12 
where E' and Z 12 are the same as in Fig. 4.28B (Thevenin's Theorem). 

(vi) Maximum Power Transfer Theorem 

The maximum power will be absorbed by one network from another joined 
to it at two terminals, when the impedance of the receiving network is varied, 
if the impedances (looking into the two networks at the junction) are con- 
jugates* of each other. 

This is illustrated in Fig. 4.30 where E is the generated voltage, Z a the generator 
internal impedance and Z L the load impedance. In the special case where Z, and Z L 
are pure resistances, 
Z g will become R g 
Z L will become R L 
and maximum power transfer will occur when R L = R g . 

In the general case, Z„ = R g + jX g and Z L = R L + jX L while for maximum 
power transfer R L = R B and X L = —X g . 

In other words, if Z g is inductive, Z L should be capacitive, and vice versa. 

If the magnitude of the load impedance may be varied, but not the phase angle, 
then the maximum power will be absorbed from a generator when the absolute value 
of the load impedance is equal to the absolute value of the impedance of the supply 
network. 

See Ref 3 (References to networks). Sect. 7(xv). 

(vii) Reciprocity Theorem 

In any system composed of linear bilateral impedances, if an electromotive 
force E is applied between any two terminals and the current I is measured 
in any branch, their ratio (called the " transfer impedance ") will be equal 
to the ratio obtained if the positions of E and I are interchanged. 

In Fig. 4.31 a generator supplies a voltage E to a network, and an ammeter A reads 
the current 7 2 . The transfer impedance is E/1%. If now E and A are reversed, the 
new transfer impedance will have the same value as previously. In other words, 
E being unchanged, the ammeter reading in the new position will be the same as 
previously. 

This theorem proves that a network of bilateral impedances transmits with equal 
effectiveness in both directions, when generator and load have the same impedance. 

(viii) Superposition Theorem 

In any network consisting of generators and linear impedances, the current 
flowing at any point is the sum of the currents which would flow if each 
generator were considered separately, all other generators being replaced 
at the time by impedances equal to their internal impedances. 

This theorem considerably simplifies the analysis of any network containing more 
than one generator. It is important to note the linearity requirements, as the theorem 

♦Two impedances are conjugates of each other when their resistive components are equal, and their 
reactive components are equal in magnitude but opposite in sign. 
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breaks down under other conditions. It is therefore only applicable to valves when 
these are being operated to give negligible distortion. 





^ 



Fig. 4.30. A generator, with 

internal impedance Z„, connected 

to a load Z IS to illustrate the 

maximum power transfer. 

Fig. 4.31. A generator E supply- 
ing voltage to a network, with 
an ammeter A to read the current 
I 2 . The reciprocity theorem 
states that, when A and E are 
reversed, the transfer impedance 
E/I 2 will be unchanged. 

FIG.4-33 

Fig. 4.32. (A) An impedance Z 

in a network with current I and voltage drop ZI (B) Equivalent circuit having 
identical results so far as current and voltage drop are concerned, with a generator 
developing a voltage E = ZI. This illustrates the Compensation Theorem. 

(ix) Compensation Theorem 

An impedance in a network may be replaced by a generator of zero internal 
impedance, whose generated voltage at any instant is equal to the instan- 
taneous potential difference produced across the replaced impedance by the 
current flowing through it. 

This is illustrated in Fig. 4.32 where in (A) a current / is flowing through an im- 
pedance Z with a voltage drop IZ. This is equivalent to an identical network, as 
in (B), where Z has been replaced by a generator of zero internal impedance, whose 
generated voltage (E) is equal in magnitude to IZ, and is in a direction opposing the 
flow of current. 

(x) Four-terminal networks 

The most common fundamental types of four terminal networks are illustrated 
in Fig. 4.33, where (A) is a T section, (B) is a II section and (C) a Lattice section. 
Both A and B are called 3 element networks, and C a 4 element network, from the 
number of arms containing impedances. In conventional operation, the left-hand 
terminals 1, 2, are regarded as the input terminals, to which is connected some genera- 
tor, or other network containing a generator. Terminals 3, 4, are normally regarded 
as the output terminals, across which is connected a load impedance Z L . 

If we are concerned only with the observable impedances between terminals, it is 
possible — by selecting suitable values — to convert a T section to a II section, and 
vice versa, but only for one particular frequency. This equivalence is independent 
of the character of the generator or load. 
Equivalent T section Equivalent II section 

_ Z^Zg ^ ZyZ?, + Z?Zz + Z\Zz 



z 2 = 



z a = 



z A + z B + z c 
z A +z B + z c 

AC 

z A +z H + z~ f 



z t = 



Zr 





z* 




Z-\Z 2 


-r Z. 2 Z% 


+ ZyZ Z 




Z* 




Z\Z 2 


-f- Z 2 Z% 


+ z x z 3 



(14) 



Z x 



The bridged T section of Fig. 4.33E may be reduced to the equivalent T section 
of Fig. 4.33F, or vice versa, by using the same equivalent values as for equivalent T 
and II sections (above). 
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Any complex four-terminal network can be reduced, at a single frequency, to a 
single T or 77 section. The procedure is to measure (or calculate) the three constants : 
Z 0l = the impedance at the input terminals when the output terminals are open- 
circuited. 

Z o2 = the impedance at the output end looking back into the network with the input 

terminals open-circuited. 
Z (1 = the impedance at the input end with the output terminals short-circuited. 

When these are known, the constants for the equivalent T and 77 sections are : 
Equivalent T section Equivalent II section 



Z\ — Z 0l •yZ o2 (Z 01 Z 4l ) 



Zs\Cj 



Z* — Z a - 



"V Z ^Z ol Z$i) 



Z o2 ~yZ o2 {Z i Zgi) 
Z S \Z % 



V Z oi \Z i — Z sl ) 



Zsl^o 



z„i -V(Z, 



® 



IO— VWW V f WWW-Oi 
Z| Z2 



> Z 3 



Zsl)Z e 2 
® 



y (is) 



>z* 



Z s — \Z o2 (Z 01 — Z sl ) 

It would also be possible to 
derive expressions for the equi- 
valent sections, using Z g2 in 
place of Z, ls where Z, 2 = im- 
pedance at the output end with 
the input terminals short-cir- 
cuited. 

A lattice network may be re- 
duced to an equivalent T or 77 
network (see any suitable text- 
book) but it is interesting to note 
that it is essentially a " bridge " 
circuit. Fig. 4.33 (C) may be 
re-drawn as in (D) without any 
change being made. 

Four-terminal networks are 
considered further in Sect. 8 ; 
they may also be treated as 
multi-mesh networks as in Sect. 
7(xi) below. 

(xi) Multi-Mesh Networks 

A typical flat multi-mesh net- 
work is shown in Fig. 4.33G. 
A " flat " network is defined 
as one which can be flattened 
out without having any lines 
crossing over each other ; the 
treatment in this handbook is 
limited to flat networks. Junc- 
tions at which the current can divide are called branch points (A, B, G, D, E). In Fig. 
4.33G there are 5 meshes, and the circulating mesh current of each is marked (J u 7 2 , 
etc.) in the conventional clockwise direction. The simplest form of solution is by means 
of the Mesh Equations. The basis for the use of these equations is given in Ref . 4, 
Sect. 7(xv). Impedances in the network are numbered Z 10 , Z 20} etc., when they form 
part of one mesh only (mesh 1, mesh 2, etc.). Impedances which are common to 
two meshes are numbered Z 12 , Z 13 , etc., and are called mutual impedances, the 




FIG. 4.33 



Fig. 4.33. Four Terminal Networks (A) T Section 
(73) 77 Section (C) Lattice Section (73) Lattice 
Section redrawn in the form of a bridge (7s) Bridged 
T Section (F) T Section equivalent to Bridged T. 



168 



(xi) MULTI-MESH NETWORKS 



4.7 



suffixes indicating the meshes to which they are common. The applied alternating 
voltages are also numbered E l3 E 2 , etc. where the suffix indicates the mesh number. 
If there is more than one voltage source in any mesh, E t etc. will indicate the vector 
sum of these voltages. 

There must be the same number of mesh equations as there are meshes in the net- 
work. The mesh equations are written in the general form for w meshes as 
Zx\l\ + Z 12 I 2 + Z 13 / 3 + ... Z ln l n = 2?! J 

Z 21 Ix + Z 22 I 2 + Z23I3 + • • • Zinln = E z I (16) 

■Znl-M. + ZnV-Z ~f~ Z. n3 I 3 + ... Z nn I„ = E n J 

where each Z is of the form R + j(taL — 1/wC) and Z n , Z 22 , etc. is called the self- 
impedance of the individual mesh, i.e., the impedance round the mesh if all other 
branches of the network other than those included in the mesh in question were open- 
circuited. 

For example, in Fig. 4.33G— 
Zu = Zk> + Zx^ + Z 12 

= R l0 +jX 10 + R 13 +jX la + R lt +jX 12 
= R l0 +j(<*>L 10 — 1/<oC 10 ) + R 13 +j(a>L 13 — l/a)C l3 ) 
+ Rit +j(a>Li, - 1/»C„) 
i.e. Z u = (Rio + R13 + R12) +j[(.Q>L 1 o + wL 13 + o>L 12 ) 

- (l/a,C 10 + l/(oC„ + l/«C lf )] (17) 

Note that Z 21 is the same as Z 12 etc. and that the signs of the mutual impedances 
may be positive or negative (see below). 

An impedance that is common to two branches is considered to be a positive mutual 
impedance when the arrows representing the corresponding mesh currents pass 
through the impedance in the same direction ; or a negative mutual impedance if 
the arrows pass through the impedance in opposite directions. 

Thus in Fig. 4.33G the arrows representing the corresponding mesh currents pass 
through the impedances Z 12 , Z 13 , Z 24 and Z 34 in opposite directions, so that these 
constitute negative mutual impedances, and have negative signs in eqn. (16). 

A mutual inductance may be denned as positive or negative according to whether 
it acts with a polarity the same as, or opposite to, that of a corresponding common 
inductance*. 




Fig. 4.33G. Typical multi-mesh net- 
work. 



FIG. 4.33 H 



Fig. 4.33H. Simple 2- 
mesh network. 



A simple example is the 2-mesh network of Fig. 4.33H. Applying eqn. (16) we 
have 

Zu = Rio +j[o>L 10 — 1/wdi] (18) 

Z 22 = R 20 +j[coL 20 - 1/oid,] (19) 

Z 12 = Z„ =/(l/»C 1B ) (20) 
Since there are two meshes, there will be two mesh equations — 

Z11A + Z 12 / 2 = Ex \ f0U 

Z„I t + Z 22 I 2 = J w 

*The opposite definition is also used. 
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These linear simultaneous equations may be solved by elimination, but any more 
complicated network would have to be solved by the use of Determinants, for which 
see any suitable mathematical textbook. 

The total current in any common branch may be determined by the difference 
between the two mesh currents. 

The method of handling mutual inductance is illustrated by the 2-mesh network 
of Fig. 4,331. Here 

Zu = (*io + R12) +/O£io + *»L lt - 1/«C M ) (22) 

Z 22 = (i?i 2 + Rao) +K<»L 1 2 + wL 20 — l/wC 20 ) (23) 

Z 12 = Z 21 = R 12 +j(<oL 12 ± <oM 12 ) (24) 
and the two mesh equations will be as eqn. (21). 

The polarity of M 12 in eqn. (24) must be determined in accordance with the accepted 
convention, as described in connection with eqn. (16). 

A solution of eqn. (16) by means of Determinants shows that in the general case 
the Determinant D is given by 

Zy\Zn . • Z ln 

^21^22 ... j£"n 



D = 



(25) 



and the current I k in the & th 
the j th mesh is 



~nl^n2 • • • ^"n 

mesh that flows as the result of the voltage E f acting in 



I* = E, 



Bib 
D 



(26) 



Rio ^ao 



f'l^pC^ 



c» 



FIG. 4.331 



Fig. 4.33 I. Two-mesh net- 
work incorporating mutual 
inductance. 



Elinor of D multiplied b" f 1^"*~*. This miner is 

formed by cancelling the / th row and the k til column 
and then moving the remainder together to form a new 
determinant with one less row and column than D, 
where D is the determinant defined by eqn. (25). 
The row cancelled corresponds to the mesh containing 
the input voltage, the column cancelled to the mesh 
containing the required current. 

The input impedance of a passive network with 
a single applied voltage (Fig. 4.33 J) is given by 

Input impedance = E X II X = D/B xx (27) 
where E x = voltage applied to input terminals 
I x = input current 

Z) = determinant defined by eqn. (25) 
and B 1X is the minor of D obtained by cancelling the 
first row and column. 



The transfer impedance of a 4-terminal network (Fig. 4.33K) is defined as the 
ratio of the voltage applied to the input terminals to the resulting current through 
the load impedance connected to the output terminals (i.e., the « th mesh). 



PASSIVE 
NETWORK 



1 


FOUR 
TERMINAL 
PASSIVE 
NETWORK 


3 


<4 "^ 


IT < 


2 


4 



Fig. 4.33J. Illustrating input impedance of network. 
Fig. 4.33K. Four terminal network illustrating input and transfer impedances. 



Transfer impedance = E X /I L = D/B Xn 
where D = determinant defined by eqn. (25) 



(28) 
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and B ln is the minor of D obtained by cancelling the first row and n ih column, 
and applying the factor (— 1)"+ 1 . 

References to multi-mesh networks : Refs. 1, 2, 4, 5, 6, 7. Sect. 7(xv). 

(xii) Non-linear components in networks 

In radio engineering the principal non-linear components in networks are valves, 
although certain resistors and iron-cored inductances are also non-linear. The non- 
linearity can only be neglected when the voltage swing across any non-linear com- 
ponent is so limited that the characteristic is substantially constant over the range of 
operation. 

In a non-linear component the impedance is not constant, but varies with the 
applied voltage*. Each such impedance must be treated as having an impedance which 
is a function of voltage, 
i.e. Z = F(e). 

The mathematical theory of circuits containing non-linear components is com- 
plicated and, in the general form, outside the scope of this handbook. Those who are 
interested are referred to the list at the end of this subsection. 

The treatment of non-linearity in valve characteristics is covered in Chapter 27 for 
detection and Chapter 25 for frequency conversion. Distortion through curvature 
of valve characteristics is covered in Chapter 2 Sect. 9 and Chapter 13. 

References to non-linearity 

(other than those covered elsewhere) 

Chaffee, E. L. " Theory of Thermionic Vacuum Tubes " (McGraw-Hill Book 

Company, New York and London, 1st edit. 1933) Chapter 21. 
Llewellyn, F. B., and L. C Peterson. " Vacuum tube networks " Proc. I.R.E. 32.3 

(March 1944) 144. 

(xiii) Phase-shift networks 

The bridge type phase-shift network of Fig. 4.34 has the advantage of providing 
full range phase shifting from to 180°, with constant attenuation (6db) for all degrees 
of phase shiftf . 





Fig. 4.34 (A) A phase-shift network providing full range phase shifting from to 180" 
with 6 db attentuation for all degrees of phase shift (£) vector diagram of voltage 

relationships. 

It may be shown, when R l = R^ = 1/aiC, that 

\E„ 

= i and <f> = tan -1 



\E 



( 2R 1 R X \ 
\R X * - R l *J 



which is illustrated by the vector diagram Fig. 4.34B, where E Rl and E R1 ' are equal, 
and both equal to E ; E RX and E e are at right angles, but their vector sum is E. 
Point P is therefore on the circumference of a semi-circle. 

*It is assumed here that the impedance is not a function of time ; this occurs in the case of barretters 
and lamp filaments. 

fLafferty, R. E. " Phase-shifter nomograph," Elect. 19.5 (May 1946) 158. 
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(xiv) Transients in Networks 

The treatment of networks earlier in this Section has been on the basis of a steady 
applied direct voltage, or a steady alternating voltage, or a combination of the two. 
It is also important to know the transient currents which may flow during the period 
from the application of a voltage until the steady state has been reached or during 
the period from the disconnection of the voltage until a steady state has been reached, 
or due to some sudden change in operating conditions after the steady state has been 
reached. 

The simple cases of a capacitance and inductance each in series with a resistance, 
on direct charge and discharge, have been covered in Sects. 4 and 5. These charge 
and discharge characteristics are of a logarithmic form, and non-oscillatory. How- 
ever, in any network including L, C and R, the transient characteristics tend to be 
oscillatory. These oscillatory transients may be more or less heavily damped, and 
normally become of negligible value after a short period of time. On the other hand, 
they may continue as sustained oscillations. 

Amplifiers, particularly those with feedback, should have a sufnciendy damped 
oscillatory transient in the output circuit when the input is increased instantaneously 
from zero to some predetermined steady voltage (this is called "unit step " input). In 
practice it is more convenient to use a periodic rectangular wave input, with the time 
period of the " flat top " sufficiently long to allow for the decay of damped oscillatory 
transients. A C.R.O. is commonly used for observation of such a waveform. 

Alternatively, an impulse having very short time duration may be applied to the 
network or amplifier. This differs from unit step input in that the input voltage re- 
turns to zero almost instantaneously. 

The complete mathematical analysis of all but very simple networks is very com- 
plicated and specialized, and outside the scope of this Handbook. 

For further information see Refs. 4, 7 and 8. 
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SECTION 8 : FILTERS 

(0 Introduction to filters (») Resistance-capacitance filters, high-pass and low-pass 
(iii) Special types of resistance-capacitance filters (iv) Iterative impedances of four- 
terminal networks (v) Image impedances and image transfer constant of four-terminal 
networks (vi) Symmetrical networks (vii) " Constant k " filters (cat) M Derived 
fillers (ix) Practical filters (x) Frequency dividing networks (xi) References to 
filters. 

(i) Introduction to filters 

A filter is any passive* network which discriminates between different frequencies, 
that is to say it provides substantially constant " transmission " over any desired 
range of frequencies and a high degree of attenuation for all other frequencies. 

Filters are conveniently grouped as under : 

Low pass filters — transmission band from zero (or some very low) frequency to 
a specified frequency. Attenuation for all higher frequencies. 

High pass filters — transmission band from some specified frequency to very high 
frequencies. Attenuation for all lower frequencies. 

Band pass filters — transmission band from one to another specified frequency. 
Attenuation for all lower and higher frequencies. 

Band elimination filters — " traps." 

Practical filters, particularly of the simple variety, have only a gradual change in 
attenuation. The sharper the required change in attenuation, the more complicated 
becomes the filter. 

Some very simple filters are : 

1. The grid coupling condenser and grid resistor of an amplifier (high pass resist- 
ance-capacitance filter). 

2. The series condenser and variable resistor of a conventional tone control (low 
pass resistance-capacitance, with adjustable attenuation). 

3. The smoothing filter of a power supply, including one or two inductances and 
two or three capacitances (low pass filter). 

4. An overcoupled i-f transformer (tuned band pass filter). 

5. A tuned aerial coil or r-f transformer (tuned narrow band pass filter). 
See Chapter 6 for mathematics. 

(ii) Resistance — capacitance filters 

Fig. 4.35A shows a r.c. high pass filter as for grid coupling in an amplifier. This 
is essentially a voltage divider in which C forms a reactive, and R a resistive, arm. 

If the generator has zero resistance and if there is no loading on the output, the ratio 
of output to input voltages is given by 

f = rTW. where Ee= ~ l/2irfa 

R 1 

(1) 



Therefore 



VR 2 + X 2 Vl + (X/R) 2 

If we select a frequency (/i) at which \X e \ = R, then \E /E t \ = 0.707 which is 
practically equivalent to an attenuation of 3 db. This frequency is the reference 
point used for design ; it is called the theoretical cut-off frequency. Its value is 
given byf 

A = 1/(2«RQ c/s (2) 

where R and C are in ohms and farads (or in megohms and microfarads). The value 
RC is called the time constant and is measured in seconds (see Sea. 4(iv)) so that 

*i.e. not including a valve or generator. 

tA nomogram to determine the value of }\ is given by E. Frank " Resistance Capacitance Filter Chart " 
Elect. 18.11 (Nov. 1945) 164. 
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Fig. 4.35. (A) is a resistance capacitance 
high-pass filter ; (B) is a two section filter ; 
(C) w a modified form of A, providing attenua- 
tion within top and bottom limits ; (D) is the 
vector diagram of A. 



the low frequency response of an 
amplifier is sometimes defined by- 
specifying a time constant of so many 
microseconds. If the time constant 
is, say 3000 microseconds, 

RC = 3000 x 10" 6 seconds, 
so that 

/i = 1/(2tt x 3000 x 10-") = 53 c/s. 



Fig. 4.36 shows the attenuation in 
db plotted against frequency for R = 1 
megohm and selected values of C. 
It will be seen that the slope of the 
attenuation characteristics approaches 
6 db per octave (i.e. the attenuation 
increases by 6 db every time the fre- 
quency is halved), and is very close 
indeed to this value for attenuations 
beyond 10 db. Each of these charac- 
teristics is exactly the same shape as 
the other, only moved bodily sideways. 
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Fig. 4.36. Attenuation in decibels versus frequency for a resistance-capacitance 
coupling or filter (Fig. 4.35A) in which the total resistance (R) — 1 megohm. If 
applied to a resistance-coupled valve amplifier, R = R g + r^R L /(r P + Rj). If 
r„ is less than 10 000 ohms, the error in neglecting the second term is less than 1%. 
If the valve is a pentode, R may be taken as (R a + Rj) with a sufficient accuracy 

for most purposes. 
If R = 0.5 megohm, multiply values of C by 2 and similarly in proportion for other 

resistances. 



174 



(ii) RESISTANCE-CAPACITANCE FILTERS 



4.8 



One of these attenuation characteristics is shown in Fig. 4.36A together with the 
straight line AB which is the tangent to the curve and has a constant slope of 6 db/ 
octave (or 20 db/decade). The point of intersection between AB and the zero db 
line is point A which corresponds to the theoretical cut-off frequency f x . For ease 
in calculation the " straight-line " approximate characteristic CAB is sometimes 
used in calculations in place of the actual attenuation characteristicj the maximum 
error being 3 db. 

In Fig. 4.35(B) there are two such filters in cascade and further sections may also 
be added. A two-section filter in which i? x = R 2 and C t — C 2 will have somewhat 
more than twice the attenuation in decibels of a single section filter, and the ultimate 
slope of the attenuation characteristic will approach 12 db /octave. 
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Fig. 4.36A. 
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I0f, 
FIG. 4.36A 



Actual and approximate attenuation characteristics, using the theo- 
retical cut-off frequency f x as the reference frequency. 



If C in diagram (A) is shunted by a resistance R', as in Fig. 4.35(C), the effect is 
to limit the attenuation to that given by R' and R as a voltage divider, i.e., 
E /E { = R/{R + R'). The shape of the attenuation characteristic at low values 
of attenuation is very little affected by R'. 

The reactance of C in Fig. 4.35A causes a phase difference between E and E i} 
as shown by the vector diagram (D). The phase angle is given by 

cos <f> = E./E t (3) 

For an attenuation of 3 db, E„/E t = 0.707 and <f> = 45° ; thus E leads £, by 45°. 

Fig. 4.37 shows a typical r.c. low-pass filter, as used 
for tone control, decoupling in multistage amplifiers, or 
smoothing filters for power supplies when a large voltage 
drop in the filter is permissible. It is readily seen that 
this is the same as Fig. 4.35A except that R and C have 
been interchanged. The theoretical cut-off frequency 
/i, at which X e = R, is therefore unchanged and equal 
to l/(2irRC). Provided that the generator impedance 
is zero, and that there is no load across the output ter- 
minals, the ratio of output to input voltages is given by 

t = /ffk where *< = - 1/27r/c 
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Fig. 4.37. Is a low pass 
resistance-capacitance filter 
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FIG. 4-38 FREQUENCY C/S 

Fig. 4.38. Shows the attenuation characteristics for the low-pass filter of Fig. 4.37 
for the values of R and C shown below : 



R (ohms) 


C(/i/*F> 




Curve A 


B 


C 


D 


E 


400,000 


10 


20 


40 


80 


160 


200,000 


20 


40 


80 


160 


320 


100,000 


40 


80 


160 


320 


640 


50,000 


80 


160 


320 


640 


1280 


20,000 


200 


400 


800 


1600 


3200 


10,000 


400 


800 


1600 


3200 


6400 



Therefore 



Vr* 



(4) 



+ x e 2 Vi + (R/x c y 

If the generator has a resistance R a , then R in the eqn. (4) should include R B . 

Attenuation characteristics derived from this equation are given in Fig. 4.38 in a 
form capable of adaptation to most problems involving limited attenuation. 

The rate of attenuation approaches 6 db /octave, and the shape of the curve is a 
mirror-image of that for the high-pass filter (Figs. 4.35A and 4.36). 

If the filter is used as a smoothing filter, the ratio E /Ei is frequently 0.1 or less 
and under these conditions (with a maximum error of 1 %) — 



2-nfRC 



(5) 
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Fig. 4.39 is a two section low pass resistance-capacitance filter. 
Fig. 4.40 is a Parallel T Network for the complete elimination of a particular input 
frequency from the output voltage. 
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If additional filtering is required, it is possible to use two or more filter sections 
(Fig. 4.39). Provided that R t > 10X" e i ; #2 > 10X C1 and R 2 > lOX^, the 
voltage ratio is given (with a maximum error of 3%) by 

Eo 1 

E t ^40/ 2 x U^jdC, W 

(iii) Special types of resistance-capacitance filters 

An important method of eliminating a particular input frequency from the output 
voltage is the Parallel T Network as in Fig. 4.40. In the usual symmetrical form*, 

R t = R 2 = 2R ; d = C 2 = £C ; and R t = l/(2«fC,) ; 
infinite attenuation is obtained at a frequency / where 

/ = 1/(2**^) (7) 

provided that the output is unloaded. 

The mathematical analysis of the general case has been published")"; showing that 
the unsymmetrical case provides an improvement in the discrimination. 

The case with finite generator resistance and terminated into a resistive load has 
also been analysed! . 

(iv) Iterative impedances of four-terminal networks 

A four-terminal network or filter is shown in Fig. 4.41 with a generator E B , having 
a series generator impedance Z g , applied to the input terminals, 1, 2, and a load im- 
pedance Z L across the output terminals 3, 4. The input impedance under these 
conditions, looking into the network from terminals 1, 2 is shown as Z kl . The output 
impedance, looking into the network from terminals 3, 4 is shown as Z k2 . When Z L 
is adjusted to be equal to Z kl we have a special case which is of interest when similar 
filter sections are to be connected together in a chain so that each section is a load 
on the one preceding it. Under those conditions we call Z kl an iterative impedance 
of the network 

We must also adjust Z„ to be equal to Z k2 , this being the second iterative impedance. 

If the network is a single T section, as in Fig. 4.42, and if Z x = Z 2 , then 

Z kl = Z k2 = VZ l (Z l + 2Z 3 ) (8) 

and the two iterative impedances are equal. 

If the network is a single L section (as in Fig. 4.42 but with Z 2 = 0) then the 
iterative impedances are given by 

+ Z,Z 3 + ^ (8a) 



/ z i* 

/z7 

t2 ~V "t 



If we now define a quantity P, called the iterative transfer constant, such that 

P = log, {IJh) (9a) 

where I x = input current 
and I 2 = output current 
the formulae for the L section may be written in the alternative forms 

Z^ P 



where cosh P = 1 + 



~« ~ e P- l 

Z k 2 = Z ki e~ 



= Z 3 (^ - 1) (9b) 



(See Chapter 38 Sect. 21 Table 73 for hyperbolic sines, cosines and tangents.) 

•Scott, H. H., "A new type of selective circuit and some applications." Proc. I.R.E. 26.2 (Feb. 
1938) 226. 

tWolf, A. " Note on a parallel-T resistance-capacitance network," Proc. I.R.E. 34.9 (Sept. 1946) 659. 
See also Hastings, A. E. " Analysis of a resistance-capacitance parallel-T network and applications," 
Proc. I.R.E. 34.3 (March 1946) 126P ; McGaughan, H. S. " Variation of an RC parallel-T null net- 
work," Tele-Tech. 6.8 (Aug. 1947) 48. 

JCowles, L. C. " The parallel-T resistance-capacitance network " Proc. I.R.E. 40.12 (Dec. 1952) 1712. 
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For a T network with iterative impedances, 

P = cosh-HCZi + Z 2 + 2Z 3 )/2Z 3 ] (10) 

If a number of networks are connected in a chain, with each section having the same 
two iterative impedances Z ki and Z k2 as Fig. 4.43, we may regard the'combined net- 
works as equivalent to a single network having iterative impedances Z kl and Z k2 
respectively. The iterative transfer constant (P) is then given by 

P = (A,. + A 2 + A 3 ) +j\B 1 +B 2 + B 3 ) (11) 

where Py = propagation constant of the first section of the network 
= A x +jB 1 
P 2 = A 2 + jB 2 etc. 
A 1 = attenuation constant (nepers) 
and By = phase constant (radians). 

(v) Image impedances and image transfer constant of four-terminal 
networks 

An alternative way of expressing the constants of a network is by the use of image 
impedances. A T network is shown in Fig. 4.44 with generator and load impedances 
Z n and Z /2 respectively. It is possible to adjust Z A , Z B and Z c to give an input 
impedance (looking into the network from terminals 1, 2 with load connected) equal 



Fig. 4.41 shows a four terminal network 
with generator and load. 



z*T 



NETWORK 

OR 

FILTER 



Fig. 4.42 is a single T section network 
applicable to Fig. 4.41. 




Fig. 4.43 is a .combination of three Zk 
networks in cascade, with iterative 
impedance relationships. 




Fig. 4.44 is a single T section network z i 
terminated in its image impedances. 




to Zj-i, and at the same time to give an output impedance (looking from terminals 
3, 4 with generator connected) equal to Z /2 . Under these conditions the impedance 
on each side of terminals 1, 2 is an " image " of the other (since they are both identical) 
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and similarly with the impedances on each side of terminals 3, 4. The two image 
impedances are given by 

Z n = J &a + Z cXZaZ b + Z A Z C + Z B Z C ) 

1 v {z B + z~ ( ) (12a) 

Z n = \/ ^ Zb + Z ^ Z A Z B + Z A Z C + Z g-^c) n2 h\ 

w (Z A + Z c ) K } 

Similarly a IJ network as shown in Fig. 4.44A may have the values of the elements 
adjusted so that the network is terminated in its image impedances. The two image 
impedances are then given by 

Zji = Z^sJ - 



\^2 i ZsJ^Z 



'/2 — Z i\f ~. 



(Z x + ZtXZj + Z 2 + Z 3 ) 
{Z l + Z,)Z Z 



(13a) 



(z, + z^z, +z 2 + z 3 ) (13b) 

The two image impedances may also be expressed in terms of the open-circuit 
and short-circuit impedances (Sect.7(ix)) 

Z n = V Z 01 Z S1 (14) 

Z n = Vz ui Z, 2 (15) 




FIG. 4.44B 



Fig. 4.44.4 is a single IJ section network terminated in its image impedances. 
Fig. 4.44B is a single L section network terminated in its image impedances. 



The transfer of power is indicated by the image transfer constant 9 whose value 
is given by 



provided that the network is terminated in its image impedances, 
where E x and I t are voltage and current at terminals 1, 2 
E 2 and 7 S are voltage and current at terminals 3, 4 
I x ' and 7 2 ' are currents at terminals 1, 2 and 3, 4 
respectively with transmission in the reversed direction. 



(16) 




Fig. 4.45 is a combination of three 

networks in cascade, with image 

impedance relationships. 



When every section of a filter is working between its image impedances, there are 
no reflection effects. Fig. 4.45 shows a three section group connected on an image 
impedance basis. This is equivalent to a single network having image impedances 
Z n and Z /4 respectively, 

and 6 = (a, + a 2 + a,) + /(ft + ft + 0i) = « + JP (16a) 

where ft = ol x + /ft, etc. 

The real part (* x + <x 2 + a 3 = a) of the image transfer constant 8 is called the 
image attenuation constant, and the imaginary part (ft + ft + ft = j3) is called 
the image phase constant. 
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Where the values of the elements of the T and II networks are known, the value 
of the image transfer constant is given by 
T Network (Fig. 4.44) : 

tanh 6 = ^/ &a z b-+ z a z c + Z b Z c ) ( 



II Network (Fig. 4.44A) : 



(Z A + Z C )(Z B + Z c ) 



tanh 8 = / ZJ?x + Z 2 + Z 3 ) 

v (z, + z s xz 2 + z 3 ) : (16c > 

If the image impedances and transfer constant are known, the impedances of T, 
II and L networks are given by 
For T Section (Fig. 4.44) : 

ry V Z n Z n 

Zc = ItahT ( 17a ) 

For a II Section (Fig. 4.44A) : 

Z 3 = Vz n Z I2 sinh d (17d) 



Z 2 = 



i 



1 (17e) 



Z,o tanh Z* 



Zt 



1 1 (17f) 



Z n tanh 8 Z 3 
For an L Section (Fig. 4.44B) : 

Z A = Vz n (Z n - Z J2 ) (17g) 



— . z p*J - 



Z - z < 17h ) 

cosh 8 = V(Z n /Z 12 ) (17i) 

(vi) Symmetrical networks 

When a network is symmetrical, that is when it may be reversed in the circuit with 
respect to the direction of propagation without alterations in the voltages and currents 
external to the network, the two iterative impedances become equal to each other and 
to the two image impedances : 

Z K = Z K1 = Z K2 = Zj = Z tl — Zj 2 (18) 

(this is sometimes called the characteristic impedance) 

Also P = 6 = a + jj3 (19) 

where a = image attenuation constant 
and j8 = image phase constant. 

(vii) « Constant k " niters 

A " constant k " filter is one in which 

Z X Z 2 = k* (20) 

where Z x and Z 2 are the two arms of a filter section, and k is a constant, independent 
of frequency. Fig. 4.46 shows a symmetrical T type section terminated in its image 
impedances, which is a " constant k " filter provided that Z y Z 2 = k 2 . The constant 
k % has the dimensions of a resistance squared, so that we replace k 2 by R 2 in the follow- 
ing analysis. This requirement is fulfilled when Z x and Z 2 are reciprocal reactances ; 
the simplest case is when Z 2 is a capacitance with zero resistance and Z 2 an inductance 
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with zero resistance or vice versa. 

Original (Z t ) 
L 

L + r in series 
C + r in series 
L + Cinseries 
r + L + C in series 



Some popular combinations are given below 
Reciprocal (Z 2 ) 
C = L/R* 

C = L/R 2 in shunt with R 2 /r 
L = R 2 C in shunt with/? 2 /r 
C = L/.R 2 in shunt with 1/ = R 2 C 
R 2 /r in shunt with C = L/.R 2 
and with U = R 2 C 




Fig. 4.46 is a symmetrical T section terminated in its image impedances. 
Fig. 4.47 is a symmetrical H section terminated in its image impedances. 

Zj is called the mid-series image impedance in a symmetrical T section (Fig. 
4.46) while Z{ is called the mid-shunt image impedance in a symmetrical U section 
(Fig. 4.47): 
T section : mid-series image impedance 

Z r 



.j - ^Z X Z % + (Z X V4) = RVl + &J2R)* 
II section : mid-shunt image impedance 

. ' . . R 

z, 



V =\/ r 



Z\Zi 



Vi +(z 1 /2Ry 



+ z x /*z x 

Therefore Z X Z{ — R* = Z^Z X 
If Z x is a pure reactance (X x ), 
then Zj = RVl - (XJ2R) 2 

R 
and Z T = .. 

Vl - (XJ2RY 
The image transfer constant 6 for either T or 77 sections is given by 
cosh B = 1 +XZ 1 /2Z i ) 
Half sections have exactly half the image transfer constant of a full section. 
In the pass band : a. — 

cos p = 1 + (Z X /2Z 2 ) 
In the stop band : cosh a = | 1 + (ZJ2Z t ) \ 
Phase shift = or ± 180° 



-\ww- 



2Z 2< 



(21) 

(22) 
(23) 

(24) 
(25) 

(25a) 

(25b) 
(25c) 
(25d) 
(25e) 



►z'i Fig. 4.48 15 a half section terminated 
in its image impedances. 



Fig. 4.48 is a half-section terminated in its image impedances, which in this case 
are unequal. Two such half-sectionsj with the second one reversed left-to-right, are 

equivalent to a single T section. 

(25f) 



Zj = V ZA + (Z t V4) 
Z/=sJ- ZlZ ' 



(25g) 



+ (Zx/4Z 2 ) 

An ideal filter in which the reactances have zero loss has zero attenuation for all 
frequencies that make {ZJ^Z^) between and — 1 ; this range of frequencies is called 
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the pass band. All other frequencies are attenuated and are said to he in the stop 
band (or attenuation band) of the filter. 

Low pass filter — constant k type 

Fig. 4.49 shows three forms of simple low-pass niters of the constant k type. In 
each case 

Z x =ja>L 

and Z 2 = 1/jaiC. 

Now Z t Z 2 — R 2 , therefore L/C = R 2 , where R may have any convenient value. 
The mid-series image impedance is 

Z 7 = Ry/l - (coL/2RY = RVl -(f/fo) 2 (26) 

where f = \j-n\/LC\ f = cut-off frequency. 

When/ = f , Z r = and there is infinite attenuation if L and C have no resistance. 
The mid-shunt image impedance is 

R R 

Z/ = = = , — (27) 



' 7 V(l - (o>L/2R) 2 y/\ 
When / = /„, Z/ becomes infinite. 

L/2 L/2 

io— HPT 1 — t — IflT^— o* io 
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Fj£. 4.49. TAree varieties of low-pass constant k filters : (A) T section (B) Half 
section (C) H section. 

With both T and 77 arrangements, the ideal filter has zero attenuation for frequencies 
less than f , a sharp cut-off at /„, and a very rapid attenuation immediately above f . 
However the rate of attenuation gradually falls as the frequency is increased, and 
approaches 12 db /octave for the single section at frequencies much greater than f . 

Both image impedance characteristics are purely resistive below /„ and purely re- 
active at higher frequencies. 

The phase shift varies from zero at zero frequency to 180° at/ , but is constant 
at 180° for all frequencies higher than / . 
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Fig. 4.50. Three varieties of high-pass constant k filters (A) T section (B) Half 
section (C) 77 section. 

High-pass filter — constant k type 

Fig. 4.50 shows three forms of simple high-pass filters of the constant k type 
In each case 

Z x = 1/jaC 

Z 2 = jcoL. 
Now ZiZjj = A 2 , therefore L/C = R 2 , where R may have any convenient value. 
The mid-series image impedance is 

Zj = Ry/l ~ (l/2R<oC) 2 = R-Vl - (fo/f)* (28) 

where /„ = 1/(4tt\/LC),/ = cut-off frequency. 
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The mid-shunt image impedance is 

R R 

z; 



_ 1 (29) 

- Vl - (l/2^a,C) 2 Vl - C/o//) 2 

With both T and 77 arrangements, the ideal filter has zero attenuation for fre- 
quencies greater than/ , a sharp cut-off at /„, and a very rapid attenuation immediately 
below /„. However, the rate of attenuation gradually falls as the frequency is de- 
creased, and approaches 12 db /octave for the single section for frequencies much less 
than /„. 

The phase shift varies from nearly zero at very high frequencies to 180° at /„, 
but is constant at 180° for all frequencies lower than/ . 

Both image impedance characteristics are purely resistive above f 0) and purely 
reactive at lower frequencies. 



Fig. 4.51. {A) T section 

(B) TI section, series m- 

derived filters. 




(viii) M-derived filters 

This is a modified form of the constant k filter. Fig. 4.51A shows a T section 
series m-derived filter, which has the same value of Z 7 as its prototype (Fig. 4.46 and 
eqn. 21). In fact, when m = 1, it becomes the prototype. In general, m may have 
any value between and 1. It may be joined, at either end, to a constant k or m- 
derived section, or half-section, having an image impedance equal to Z 7 . This derived 
filter has the same pass band and cut-off frequency /„ as the prototype, but different 
attenuation characteristics with sharper cut-off and infinite attenuation at the resonant 
frequency of the shunt arm, provided that the elements have zero loss. 



FIG. 4.51 
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LOW PASS HIGH PASS 

Fig. 4.51. (C) Low pass (£>) High pass T section m-derived filters (i?) m-derived 
half-section for matching purposes. 

Values of Z x and Z 2 are as for the prototype (constant k) filter. A low-pass T section 
series m-derived filter is shown in Fig. 4.51C, and an equivalent high-pass section 
in Fig. 4.51D. In both cases the shunt arm becomes resonant at a frequency /oo 
given by 

Low pass /oo = ■ _ t _ —z7T-~ (30) 



V(l - m*)LC 



High pass /oo = — — • 



(31) 



4VlC 

In the theoretical case when the reactances have zero loss, the shunt arm will have 
zero impedance and therefore infinite attenuation at frequency /oo . 
The cut-off frequency / is given by 

/o = l/(n/LC) (32) 

and the following relationships hold. 
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Low pass High pass 

/« = /o /(Vl ~ ?« 2 ) foo =/ B Vl - w 2 (33) 

w = Vl - (/„//» ) 2 m = Vl - (/» //o) 2 (34) 

The frequency of "infinite" attenuation (sometimes called the peak attenuation 
frequency) may be controlled by varying the value of m, which variation does not 
affect the image impedances. 

It is generally desirable, for good attenuation characteristics, that the ratio of the 
cut-off frequency to the frequency of peak attenuation in a high-pass filter should be as 
high as possible, and not less than 1.25, and in a low pass filter it should be as low as 
possible and not greater than 0.8. The value of m as given by eqn. (34) is 0.6 whtn the 
ratio is 1.25 or 0.8 respectively. 

The equivalent II section series m-derived filter is shown in Fig. 4.51B but here the 
mid-shunt image impedance is different, and this section cannot be connected at 
either end to a constant k or m-derived T section except through a half-section to 
match the respective image impedances. 

Z Im ' = Z/ [1 + (1 - m*){ZJ2R)*} (35) 

In other respects (B) has the same characteristics as (A). An m-type half-section for 
matching sections having different image impedances is Fig. 4.5 IE, the values shown 
being for matching a constant k section on the left and a series m-derived 77 section 
on the right. The value of m should be approximately 0.6 to provide the most nearly 
constant value of image impedance in the pass band. 
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Two forms of shunt m-derived filters are shown in Fig. 4.52. The II section (B) 
may be joined at either end to a constant k section or half-section of mid-shunt image 
impedance Z/. The T section requires the medium of a half-section to match the 
impedances before being so connected. 
Z^ 

(A) Z Im - 1+(1 _ „j2 XZi/4Z2 ) (36) 

(B) Z/ is as for Fig. 4.47 (Eqn. 22) 

Therefore Z lm Z Im ' = ZjZ/ = R 2 (37) 

' Hie design of multiple-section niters 

A multiple-section filter is made up from any desired number of intermediate 
sections (either T or II), and usually of the m-derived type, together with a terminal 
half-section at each end. All sections in the filter are matched at each junction on an 
image-impedance basis. The intermediate sections usually have different values of m 
such that frequencies which are only slightly attenuated by one section are strongly 
attenuated by another. The image impedances of these sections are far from constant 
over the pass band of the filter ; hence the necessity for using suitable terminal half- 
sections. 

The terminal half-sections should be designed with a value of m approximately 
equal to 0.6 to provide the most nearly constant image impedance characteristics in 
the pass band ; with this value of m the image impedance is held constant within 4% 
over 90% of the pass band. Each of the terminal end sections should, however, be 
so designed that its frequency of peak attenuation is staggered with respect to the 
other, and the intermediate sections should then be staggered for the best overall 
attenuation characteristic. 
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The total attenuation or phase shift of the combined multi-section filter would be 
given by the sum of the attenuations or phase shifts respectively of the individual 
sections or half-sections. 

When the design has been completed for all the sections in the filter, the practical 
form will be obtained by neglecting the junction points between sections and by 
adding together the values of the inductors in series in each arm, and those of the 
capacitors in parallel in each arm. If capacitors are in series, or inductors in parallel, 
the total effective value should be calculated and used in the practical form of the filter. 



half section 



20- 




Fig. 4.52. 



(C and D) Method of building up a multi-section filter using T or H 
intermediate sections. 



For further information on the design of m-derived filters, reference may be made to 
Shea (Ref. 1) pp 244-285 ; Guillemm (Ref. 4) Vol. 2, pp. 324-338 ; Johnson (Ref. 6) 
pp. 192-195, 204-228, 293-303 ; Terman (Ref. 2) pp. 226-238 ; Everitt (Ref. 3) 
pp. 194-214 ; (Ref 6) pp. 130-152 ; (Ref. 7) pp. 6-33 to 6-62. References are listed 
in Sect. 8(xi). 

(ix) Practical filters 

In practice a filter network is usually terminated, not by its image impedance which 
is a function of frequency, but by a resistance of fixed value R where 

R = VZ^I (38) 

As a result, the impedance mismatching causes some attenuation in the pass-band, 
which is increased further by the unavoidable losses in the inductors. Moreover, 
the attenuation in the attenuation-band is less than for the ideal case, and of course 
never reaches infinity except in the case of a null network. 

(x) Frequency dividing networks 

Frequency dividing networks are of two types, the filter type (which has only ap- 
proximately constant input impedance) and the constant-resistance type. 

With either type, the cross-over frequency (/ c ) is the frequency at which the 
power delivered to the two loads is equal. This occurs with an attenuation of 3 db 
for each load, with an ideal dividing network having no loss. 

The nominal attenuation beyond the crossover frequency may be — 
6db : available with constant-resistance, but attenuation not sufficiently rapid for 
general use with loudspeaker dividing networks (Fig. 4.53A) 
L = RJ{2irf c ) C = l/(27r/^ ) 

12db : available with either type, and very suitable for general use with loudspeaker 
dividing networks. Fig. 4.53B shows the constant-resistance type. This 
is a very popular arrangement. 



A = RoK2V2nf c ) 
Ci = l/(V2nf c R ) 



U = RJW2*f c ) 
C z = l/(2V2Voi?o) 
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The filter type has identical circuit connections but the condensers and inductors 
are unequal (see Chapter 21 Sect. 3). 

18db : available with filter type. This is the maximum rate of attenuation normally 
used with loudspeaker dividing networks (Fig. 4.53C). 



L 4 = RoK2*f c ) 

L 6 - 2RJ(2nf e ) 

L-. = R /(l + m)(2nf c ) 

C 5 = l/(2 W /^ ) 

C 6 = 1/(477/ „£„) 

C 7 = (1 + m)/{27Tf,R ) 
(L in henrys ; C in farads) 

See also Chapter 21 Sect. 4. 



L z = (1 + m)R /(2nf c ) 

L 4 = R /(27rf e ) 
L 5 = RJ&nfj 

C 3 = l/^fJRo) 

C 4 = 1/(1 + mX2nfJlo) 

C s = l/(2vfjij 
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F&. 4.53. Frequency dividing networks (A) 6db (B) lodb (C) i8<# for the octave 
beyond the cross-over frequency. L.F. indicates low frequency, H.F. indicates high 

frequency speakers. 



(xi) References to filters 

Many textbooks including — 

1. Shea, T. E. " Transmission Networks afld Wave Filters " (D. van Nostrand Company, New York, 
1929). 

2. Terman, F. E. " Radio Engineers' Handbook " (McGraw-Hill Book Company, New York and 
London, 1943). 

3. Everitt, W. L. " Communication Engineering " (McGraw-Hill Book Co. Inc. New York and 
London, 1937). 

4. Guillemin, E. A. " Communication Networks " Vols. 1 and 2 (John Wiley and Sons Inc. New 
York ; Chapman and Hall Ltd. London, 1931). 

5. Johnson, K. S. " Transmission Circuits for Telephonic Communication " (D. van Nostrand Co. 
Inc. New York, 1931). 

6. " Reference Data for Radio Engineers " (Federal Telephone and Radio Corporation, 3rd ed. 1949). 

7. Pender, H., and K. Mcllwain " Electrical Engineers' Handbook : Electric Communication and 
Electronics " (John Wiley and Sons, Inc. New York ; Chapman and Hall Ltd., London, 1950). 

Charts for the prediction of audio-frequency response : 

Crowhurst, N. H. " The prediction of audio-frequency response " Electronic Eng. No. 1 — Circuits 
with single reactance element, 23.285 (Nov. 1951) 440. No. 2 — Circuits with two reactive elements, 
23.286 (Dec. 1951) 483 ; 24.287 (Jan. 1952) 33 ; 24.288 (Feb. 1952) 82. No. 3— Single complex 
impedance in resistive network, 24.291 (May 1952) 241. No. 4 — Step circuits 24.293 (July 1952) 337. 
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SECTION 9: PRACTICAL RESISTORS, CONDENSERS AND 

INDUCTORS 

(/') Practical resistors (u) Practical condensers (tit) Combination units (iv) Prac- 
tical inductors (v) References to practical resistors and condensers. 

(i) Practical resistors 

Resistors are in two main groups, wire-wound and carbon, although each group is 
subdivided. Wire-wound resistors are available with ordinary and non-inductive 
windings. Nichrome wire is suitable for operation at high temperatures but has a 
large temperature coefficient ; it is suitable for use with ± 5% or 10% tolerances. 
Advance (or constantan, or eureka) is limited in its operating temperature, but is used 
for tolerances of about ±1%. Wire-wound resistors are also graded by the type of 
coating material. 

Carbon resistors are divided into insulated and non-insulated types, while the 
resistance material may be composition or cracked carbon (high stability). The re- 
sistance material may be either solid (e.g. rod) or in the form of a film. 

For American and English standard specifications on resistors see Chapter 38 
Sect. 3(i) and (ii), including standard resistance values. For Colour Codes see 
Chapter 38 Sea. 2. 

(a) Tolerances 

Every resistor has tolerances in resistance, and the price increases as the percentage 
tolerance is made smaller. Composition resistors are usually obtainable with the 
following tolerances : 

± 5% For critical positions only 

± 10% Desirable for semi-critical use in radio receivers and amplifiers (e.g., 

plate, screen and bias resistors) 
±20% For non-critical positions only (e.g. grid resistors). 
" High stability " carbon resistors are available with resistance tolerances of ± 5%, 
± 2% and ± 1% (Ref. A26). 

Wire-wound resistors are available with almost any desired tolerances in resistance 
(± 5%, 10% are usual values in radio receivers). 

Comment on tolerances in components 

When a manufacturer of resistors or capacitors selects simultaneously for large 
quantities of each of three tolerances, ± 5%, ± 10% and ± 20%, there is a distinct 
possibility that the ± 10% tolerance group may be nearly all outside the ± 5% 
tolerances, and therefore in two " channels " differing by more than 10%. Similarly 
with ± 10% and ± 20% tolerances. It is therefore good engineering practice to 
design on the expectation of a large percentage of components lying close to the two 
limits. 

(b) Stability 

The resistance of carbon resistors tends to drift with time. Ordinary composition 
resistors may drift as much as + 2% during storage for 3 months at 70 °C and normal 
humidity (Ref. A27). See also Ref. A35. 

Some high stability carbon resistors are limited to a maximum change in resistance 
of ± 0.5% after 3 months' storage at 70°C (Ref. A26). 

(c) Dissipation 

Composition resistors are usually available with nominal dissipation ratings of 
i, i, 1, 2, 4 and 5 watts (JAN-R-11). The English RIC/113 standard (Ref. A27) 
includes ratings of 1/10, i, +, |, 1 and 2.5 watts. Other manufacturers produce £, 
i, 1£ and 3 watt ratings. 

English high stability resistors are available with 1/10, £, i, \, f, 1, l{ and 2 
watt ratings (Ref. A26). 
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In accordance with the American R.MA Standard and JAN-R-11 characteristics 
A, B, C and D [see Chapter 38 Sect. 3(i)], composition resistors may be used at their 
maximum ratings with ambient temperatures up to 40 °C. 

The JAN-R-11 characteristic G and some English resistors (Refs. A3, A26, A27) 
may be used with maximum ratings up to an ambient temperature of 70 °C. In 
one case (Ref. A27) higher ratings than the nominal value are permitted below 70 C C 
ambient temperature (see below). 

At ambient temperatures greater than the maximum rating, resistors may only be 
used with reduced dissipation and maximum voltage, in accordance with derating 
curves. 

The following is a typical power dissipation derating curve for the temperature 
limits 40°C and 110°C (JAN-R-11 types, A, B, C,D): . 

Temperature 40° 50° 60° 70° 80° 90° 100° 110° 

Dissipation 100% 83% 66% 50% 33% 17% 5% 

The following is the English derating curve for high stability Grade 1, RIC/112 
(Ref. A26): 

Temperature 70° 80° 90° 100° 110° 120° 130° 140° 150° 
Dissipation 100% 87.5% 75% 62.5% 50% 37.5% 25% 12.5% 

The following is the English rating and derating curve for Grade 2, RIC/113 
(Ref. A27): 

Temperature 40° 50° 60° 70° 80° 90° 100° 110° 

Dissipation 175% 150% 125% 100% 75% 50% 25% 

A typical voltage de-rating curve is the American R.M.A., see Chapter 38 Sect. 
3(i). 

It is good engineering practice to select a composition resistor, for any particular 
application, such that the actual dissipation is about 60% of the resistor rated dis- 
sipation, after making allowance for any de-rating due to high ambient temperature. 

Wirewound resistors are usually available with nominal dissipation ratings of 
i, £, 1, 2, 3, 5, 8, 10, 12, 16, 20 watts and upwards. These are also normally available 
with tappings. 

Wirewound resistors, vitreous enamelled, are usually available in dissipation 
ratings of 5 or 10 watts and upwards. These are also normally available with tappings. 

Adjustable voltage dividers are manufactured in 8 or 10 watt dissipation ratings, 
together with larger sizes. 

" Radio " voltage dividers usually have resistances of 25,000 and 15,000 ohms 
suitable for connection across 250 volts. The maximum dissipation is something 
like 5 watts. 

(d) Voltage ratings 

With low resistances, the applied voltage is always limited by the permissible dis- 
sipation. With high resistances there is an additional condition to be met in the 
maximum voltage rating. In general the maximum voltage is between 250 and 500 
volts for i to 1 watt ratings, although there are a few below 250 volts, some (J watt 
and over) with maximum voltages 6f 700 volts or more, and some (f watt and over) 
with maximum voltages of 1000 volts or more. 

(e) Temperature rise 

A temperature rise of from 40 °C to 62 °C (with 40 °C ambient temperature) is to be 
expected with ordinary composition resistors at maximum ratings. English resistors 
which are rated at an ambient temperature of 70 °C have a maximum surface tempera- 
ture not greater than 120°C (Grade 2) or 150°C (Grade 1, high stability) (Refs. A26, 
A27). 

A typical small wire-wound resistor may have a maximum temperature of 110°C 
for 1 watt or 135°C for 2 watts dissipation. 

A typical large bare or organic-coating wire-wound resistor has a maximum surface 
temperature from 170°C to 220°C. 

A typical lacquered wire-wound resistor has a maximum surface temperature of 
about 130°C. 
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A typical vitreous-enamelled resistor normally has a maximum surface temperature 
from 200 °C to 270 °C, but even higher temperatures are sometimes used. 

High dissipation resistors should be mounted vertically to allow good air circulation, 
and should be spaced well away from other resistors or components. When mounted 
in a confined space they should be used at about half the rated maximum dissipation. 

(f) Effect of temperature on resistance 

The resistance of composition resistors always tends to rise as the temperature is 
reduced below 20° or 25 °C, but at higher temperatures the resistance may either rise 
or fall, or may fall and then rise (for curves see Ref. A14). 

For a temperature rise from 25° to 80°Cj the change of resistance is usually under 
±7% for low values of resistance. 

For the same rise of temperature, high stability resistors have a change of resistance 
not greater than + — 2.2% for resistances up to 2 megohms (1 and 2 watts, Ref. 
A26). See also Ref. A36. 

The resistance of composition resistors is also affected by a temporary severe change 
in ambient temperature, followed by return to normal (Ref. A35). 

The resistance of a wire-wound resistor generally increases as the temperature is 
increased, the change being usually not more than 0.025% per °C in the case of low 
temperature units. 

See also Chapter 38 Sect. 3(i) and (ii) for standard specifications. 

The effect of soldering 

Small d watt) composition resistors are subject to as much as 3% change in resist- 
ance, approximately half of which may be permanent, due to soldering ; larger dis- 
sipation resistors are usually not affected more than 1 % (Ref. A24). The maximum 
permissible change in resistance due to soldering is ± 2% (Class 2) or ± 0.3% 
(Class 1, high stability) for resistors coming under the English RIC Specifications 
(Refs. A26, A27). 

(g) Effect of voltage on resistance 

The resistance of a composition resistor decreases when the voltage applied across 
it increases. The percentage change increases as the resistance increases. For a 
1 megohm resistor, a typical percentage fall in resistance is given by (Erie Resistor 
Co.): 

Size i 

Voltage from zero to 200 

Fall in resistance 2.1 

The voltage coefficient is defined as (Ref. A27) : 

Voltage coefficient = p ,_ — =-^- 
■K2 (fii — hi) 

where R x and E x are the resistance and voltage respectively at the normal maximum 

rating, and R t and E 2 are the values at one-tenth of E u Limiting values of the voltage 

coefficient are (Ref. A27) : 

0.025% per volt for values below 1 megohm 

0.05% per volt for values above 1 megohm. 

This effect is much reduced by the use of " high stability " resistors, a typical value 
being 0.4% fall in resistance for 1 megohm, with voltage change from zero to 500 volts 
(Dubilier). The limiting value of the voltage coefficient for Specification RIC/112 
(Ref. A26) is 0.002% per volt. 

Some applications require a resistor whose resistance falls as the applied voltage is 
increased ; a wide range of characteristics is available (e.g. Carborundum " Globar" 
ceramic resistors). 

See Chapter 38 Sect. 3(i) for standard specifications. 

(h) Effect of humidity on resistance 

The effect of humidity is to increase the resistance by up to about 3% under normal 
conditions. Extreme tropical humidity may cause an increase in resistance generally 
less than 10%. Some insulated resistors have less than 1 % change in humidity due 
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to humidity tests (e.g., I.R.C. type BTA). See Chapter 38 Sect. 3(i) for humidity 
tests and limits. 

(i) Capacitance of resistors 

Every resistor has a capacitance which, at the lower radio frequencies, may be con- 
sidered as a capacitance between the two ends of the resistor (usually between 0.1 and 
1.0 nfiF for composition resistors). This capacitance may usually be neglected in 
normal applications in radio receivers. At higher frequencies it is necessary to con- 
sider the capacitance as being distributed along the resistance element. This leads 
to a reduction in resistance which, unlike the end-to-end capacitance, is not removable 
by tuning [see (k) below]. References A5, A6, A7, A8, A9, A14. 

(j) Inductance of resistors 

Every resistor has an inductance, partly due to the inductance of the resistor itself 
and partly due to the leads. However, experience shows that at high frequencies 
the effect of the inductance is negligible compared with the effects of capacitance. 
Typical values of inductance of composition resistors (Dubilier) are given below : 
Resistance 100 ohms 1 megohm 

Inductance \ watt 0.0007 0.06 ^H 

1 watt 0.017 2.0 juH 

Wire-wound resistors have much greater inductance than composition types, but 
where they must be used it is possible to adopt a " non-inductive " winding which 
reduces the inductance to a low value. 

(k) Effect of frequency on resistance 

Largely as a result of the distributed capacitance effects, the effective resistance of 

a rod type carbon or composition resistor falls as the frequency is increased. With 

resistances up to approximately 1 megohm, the theoretical curve of effective resistance 

plotted against frequency is given in Ref. A29 (Fig. 5). The effective resistance drops 

to 90% of the d.c. value 

0.3 
when / = -^-= — cycles per second where C d = total distributed capacitance of rod ; 

or as an approximation, assuming C f& C d /3, when/ na l/10C'R d c cycles per second 
where C = equivalent shunt capacitance at low frequencies (this is usually the pub- 
lished capacitance of the resistor). 

If C is measured with the resistor in its operating position in relation to other com- 
ponents and metal parts, the proximity effects will be included. 

C is constant below 4 Mc/s (Ref. A29). 

References A4, A5, A6, A7, A8, A9, A14, A29. 

We give below some experimental values : 

Ratio of effective resistance to d.c. resistance 

R (megohms d.c.) x / (Mc/s) 
I.R.C. type BTR QW) 
I.R.C. type BTA (1W) 
I.R.C. type BT-2 (2W) 
I.R.C. type BTS 
I.R.C. type F (lower limit) 
Allen Bradley GB-1 
Allen Bradley EB£ 
Speer SCT J 
Reference A14. 

(1) Noise of resistors 

All resistors have an inherent niinimum noise voltage due to thermal agitation 
(" Johnson noise ") which is given at 30°C (80°F) by 
e = 1.29 X lO-^VAf x R 
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where e = r.m.s. noise voltage 

A/ = bandwidth in c/s of the noise measuring instrument 
and R = resistance in ohms. 

The thermal agitation noise of ideal resistors at 30 °C is tabulated below for a band- 
width of 5 000 c/s. 

Resistance 1000 10 000 100 000 1 Meg 8 Meg ohms 

Noise 0.29 0.91 2.9 9.1 25.7 nV 

When a current flows through the resistor, there is a small increase in the magnitude 
of the thermal agitation noise. 

In addition to the thermal agitation noise, carbon and metallized resistors also have 
a noise voltage which is approximately proportional to the direct voltage applied across 
the resistance. This has been called current noise or resistance fluctuation noise 
(Ref. A25). The frequency distribution of this additional noise component, unlike 
thermal agitation noise, is not uniform but its value decreases with increasing frequency 
from 30 c/s upwards. The amount of noise varies according to the material and 
construction of the resistor, and even varies considerably from one resistor to another 
equivalent type. The " current noise " voltages of some typical English composition 
resistors (Ref. A3) are given below : 

Resistance 1000 10 000 100 000 1 Meg 8 Meg ohms 

Average noise 0.03 0.18 0.35 0.5 0.6 /*V/V 

Max. noise 0.13 0.62 1.3 1.8 2.2 ^V/V 

Noise values up to 20 /ttV/V have been measured in commercial radio resistors (Ref. 
A25). The English Specification RIC/113 (Grade 2) issued June 1950, gives the 
limit of noise as log 10 /?/xV/V ; this is equivalent to 6/iV/V for 1 megohm. 

Lower " current noise " voltages are produced by high stability cracked carbon 
resistors (see below) and also by palladium film resistors (Ref. A21). 

In addition to the steady " current noise " fluctuations, all carbon composition 
resistors show abnormal fluctuations which do not appear to bear any simple re- 
lationship to the steady " current noise " (Ref. A21). 

References A2, A3, A4, A13, A14, A15, A16, A17, A18, A19, A20, A21, A25, A32. 

(m) High stability cracked carbon resistors (Refs. A10, A26, A28) 

These not only have high short and long period stability and close tolerances (up 
to ± 1%) but also have low noise, low voltage coefficient and low temperature co- 
efficient. They have practically no non-linearity of resistance and the inductance 
is very low except for the higher resistance values. They are manufactured in Eng- 
land with resistances from 10 ohms to 10 megohms and dissipations from i to 2 watts. 
The extremely high resistance values are only obtainable in the higher wattage ratings. 
See also (b), (e), (f) and (g) above, and Chapter 38 Sect. 3(i) for standards. 

The historical development, constructions and special features of cracked carbon 
resistors, with a very extensive bibliography, are given in Ref. A28. 

These resistors are particularly suited for use in low-level high-gain a-f amplifiers, 
and in r-f applications up to 100 Mc/s. The inductance varies from 0.001 juH for 
a small 100 ohm resistor to 2/*H for a large (spiral element) 1 megohm resistor. 

The I.R.C. deposited carbon resistors have tolerances of ± 1%, ± 2% and ± 5%. 
The voltage coefficient is approx. 10 parts per million per volt. The temperature 
coefficient varies linearly from - 0.025 to — 0.05 (10 MQ type DCH) or - 0.065 
(10 M.Q type DCF). Maximum dissipations for high stability are i and \ watt ', 
when high stability is not essential the values are i and 1 watt. 

(n) Negative temperature coefficient resistors (Thermistors) 

Negative temperature coefficient resistors are sometimes used in a.c./d.c. receivers 
to safeguard the dial lamps when the set is first switched on. For example, one 
such NTC resistor has a resistance of 3 000 ohms cold and only 200 ohms when 
the heater current of 0.1 ampere is passing through it. By its use the initial surge 
on a 230 volt supply may be limited to 0.12 ampere. See also page 1267. 

They are also known as " Varistors." Refs. A22, A28, A31, A34. 
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(o) Variable composition resistors (" potentiometers ") 

Standard variable composition resistors are described in Chapter 38 Sect. 3(viii). 
In radio receivers and amplifiers these are commonly used as diode load resistances 
and as volume controls (attenuators). In general it is desirable to reduce to a mini- 
mum or ehminate entirely any direct voltage across them, and any current drawn by 
the moving contact. Whether or not a current is passed through the terminations, 
noise voltages appear across any two of the three terminations and, so long as the rotor 
is stationary, the noise does not differ from that of a fixed resistor of equal resistance. 
However, when the rotor is turned, additional noise is produced which is of the order 
of 1 or 2 millivolts per volt applied across the extreme terminations for a speed of 
rotation of one full rotation per second. The noise produced at any point of the track 
is approximately proportional to the voltage gradient at this point ', consequently 
the rotation-noise is greater over that portion of a logarithmic resistance characteristic 
where the most rapid change in resistance occurs, than for the other end of the same 
characteristic or for a linear characteristic. When a logarithmic characteristic is 
used for volume control, the rotation noise will therefore be much lower at settings 
for low volume where noise would be most noticeable (Ref. A30). 

Some receiver manufacturers avoid the increased rotation noise caused by direct 
diode current in a volume control by using a fixed diode load resistor with capacitance 
coupling to a separate volume control having at least four times the resistance of the 
diode load resistor. 

Variable composition resistors are available with a choice of up to 6 tapers , tappings 
may be provided at 38% and 62% effective rotation (Mallory). They are also avail- 
able, if desired, with a switch. 

(ii) Practical condensers 

(a) Summary of characteristics 

A condenser has tolerances in the value of its capacitance. For most radio receiver 
applications, tolerances of ± 20% or even higher may be used. The closest toler- 
ances available with paper dielectric condensers are ± 10% [see Chapter 38 Sect. 
3(iii)]. Where closer tolerances are required it is necessary to adopt mica dielectric 
condensers in which the tolerance may be any standard value between ±20% and 
± 2% [Chapter 38 Sect. 3(v)]. 

The capacitance changes with frequency, with temperature, and with age. 

A condenser has inductance, so that at some high frequency it becomes series- 
resonant. 

A condenser has a.c. resistance, and dissipates energy in the form of heat ; the loss 
is approximately proportional to the square of the frequency and is also affected by 
the temperature. This energy loss is partly dielectric loss (which predominates at 
low frequencies) and partly electrode and lead losses (which predominate at higher 
frequencies). It may be replaced for the purpose of calculation by the " equivalent 
series resistance." 

A condenser thus has a complex impedance, with resistive, capacitive and inductive 
components. The impedance may be capacitive over one range of frequencies, 
inductive over another, and resistive at one or more frequencies. 

A condenser with a solid or liquid dielectric takes a longer time to charge than an 
ideal condenser having the same capacitance] this effect is due to " dielectric absorp- 
tion." When such a condenser is short-circuited it fails to discharge instantaneously 
— a second discharge may be obtained a few seconds later. As a consequence the 
capacitance of such a condenser is a function of the duration of the applied direct 
voltage ; when it is used in an a.c. circuit, the capacitance decreases as the frequency 
rises. This effect is pronounced with paper dielectric, but is very small with mica 
dielectric condensers. 

A condenser has d.c. leakage, and behaves as though it were an ideal condenser with 
a high resistance shunted across it. 

A condenser with a solid dielectric tends to deteriorate during service, and may 
break down even when it is being operated within its maximum limits. 



192 (ii) PRACTICAL CONDENSERS 4.9 

(b) The service life of a condenser 

Condensers under voltage may be subject to gradual deterioration and possible 
breakdown, due to the solid dielectric (if any) and other insulation. This deterioration 
is much more rapid with some dielectrics than with others, and also varies consider- 
ably between different batches from the same factory. 

Except for electrolytic condensers, there should be no deterioration with age except 
while under voltage ', the service life may therefore be taken as the time of operation 
under voltage. 

The maximum temperature of a condenser has a pronounced effect on the service 
life. In some types, every 10°C rise in temperature causes 50% decrease in life ; 
other types are less sensitive to temperature. 

The safe working voltage of a condenser at a given temperature is much less than 
the " ultimate dielectric strength " — as low as one tenth of this value in some cases. 
The " factory test " voltage is intermediate between these two values, but it is no guide 
to the safe working voltage. The only satisfactory procedure, if long life is essential, 
is to obtain from the manufacturer the safe working voltage at the proposed tempera- 
ture of operation. 

Condensers for operation on a.c. should have maximum a.c. ratings for safe working 
voltage, frequency and temperature. The peak operating voltage, whether a.c. or 
pulse, should be within the maximum voltage rating. The maximum surge voltage 
(usually during " warming up ") should be within the surge rating, if quoted, or 
alternatively should not exceed the maximum working voltage by more than 15%. 

(c) Electrolytic condensers"* 

An electrolytic condenser provides more capacitance in a given space and at a lower 
cost per microfarad than any other.. It is usually manufactured with a capacitance 
of 4/xF or more. The capacitance tolerances may be — 20%, + 100%, or — 20%, 
+ 50%, while JAN-C-62 permits + 250%. Unlike other types, electrolytic con- 
densers may only be used on substantially direct voltage, and they must be correctly 
connected with regard to polarity. Electrolytic condensers are generally used in 
radio receivers and amplifiers with a steady direct voltage plus an a.c. ripple. The 
highest rated voltage rarely exceeds 500 V peak, even for use under the most favour- 
able conditions. 

The capacitance increases somewhat with increase of temperature, and 
decreases rapidly with temperatures below — 5°C. The capacitance also decreases 
with age — one dry type shows a 5% decrease in capacitance after 7000 hours operation 
at 20 °C ambient temperature, and a 20% decrease at 40 °C. 

The capacitance at 10 000 c/s is usually less than that at low frequencies. Typical 
wet types at 10 000 c/s have only from 30% to 50% of the capacitance at 50 c/s. 
Typical dry types are better in this regard, having capacitances at 10 000 c/s from 42% 
to 85% of that at 50 c/s, at 20 °C. However, the temperature has a marked effect 
on the capacitance versus frequency characteristic. One etched-foil type (Ref. B13) 
has 42% of its nominal capacitance at 20°C, 95% at 33°C, and 107% at 50°C. 

The series-resistance of a new condenser at ordinary working temperature is 
fairly low (not more than 25 ohms for 8 /iF at 20°C, 450 V working) but it rises rapidly 
at higher temperatures and temperatures below 10°C. The series resistance rises 
considerably during life and eventually may be the cause of unsatisfactory operation 
of a receiver. 

Among dry electrolytics, those with etched foil anodes are much inferior to those 
with plain foil electrodes when used for a-f by-passing, owing to their high impedance 
particularly at the higher frequencies. For example, at 10 000 c/s an ideal 8 /xF 
capacitor has an impedance of approximately 2 ohms, whereas typical plain-foil 
electrolytics have impedances from 3.5 to 6.5 ohms and those with etched-foil elec- 
trodes have impedances from 8 to 22 ohms (Ref. B13). 

*The following remarks apply to aluminium electrodes. However tantalum electrodes are also used 
(Ref. B17). 



4.9 (ii) PRACTICAL CONDENSERS 193 

The dissipation factor is a function of both frequency and temperature. One 
10 /xF etched-foil capacitor has a dissipation factor of 10% at 100 c/s, 68% at 1000 c/s 
and 92% at 10 000 c/s, at 20 °C. The dissipation factor decreases rapidly with 
increase of temperature, and at 1000 c/s is 30% at 33°C and 13% at 50°C for the 
same capacitor (Ref. B13). 

When electrolytic condensers are required to be operated across voltages of more 
than 450 volts, two or more condensers may be connected in series but the effective 
total capacitance will then be half (or less) that of the single unit. In such a case it is 
advisable to connect a resistor, say 0.25 megohm, across each capacitor. 

Electrolytic condensers have self-healing properties — after a momentary surge 
of over-voltage, resulting in break-down of the dielectric, the electrolytic condenser 
is more likely to recover than a non-electrolytic type. Wet electrolytic condensers 
are very good in this respect. 

Electrolytic condensers have an appreciable leakage current ; this may be from 
0.002 to 0.25 mA per microfarad and varies considerably with the type of condenser 
and the " working voltage," being higher for higher values of working voltage. The 
maximum leakage current in milliamperes permitted by JAN-C-62 is (0.04 x capacit- 
ance in microfarads) + 0.3. This is equivalent to a shunt resistor of 0.7 megohm 
for an 8 /xF condenser, 450 V rating. At voltages lower than the working voltage, 
the leakage current fails, but at higher voltages it increases very rapidly. The leakage 
current also increases rapidly at higher temperatures. 

If an electrolytic condenser is left idle for some days, the initial leakage may be 
quite substantial, but it tends to become normal after a few minutes. If the condenser 
has been left idle for several months, the time of recovery is longer. 

The power factor of an electrolytic condenser may be between 2% and 3% for 
the best condensers and is usually between 5% and 10%. Some of the older wet 
types had power factors of 25% or greater. 

Electrolytic condensers should not be used in positions where the ambient tem- 
perature is high or the alternating current component is excessive, otherwise the 
service life will be short. Ambient temperatures up to 50 °C are always satisfactory 
while 60°, 65 C C or 70°C is permissible for many types and some may be used at higher 
temperatures (e.g. 85 °C). 

Electrolytic condensers are in two major groups. 

Wet electrolytic condensers have vents, and must be mounted vertically with 
the vent unobstructed. They are valuable as first filter condensers in a rectifier 
system. Some wet types are used as voltage regulating devices, to limit the peak 
voltage during the warming-up period. All wet types have rather greater leakage 
currents than dry types. Dry electrolytic condensers are very widely used as 
filter and by-pass condensers. They are inferior to the wet type as regards frequent 
and severe voltage surges and short period overloads, when they are liable to fail 
permanently, but are preferable to the wet type in most other respects. They are 
manufactured in several forms — plain foil, etched, sprayed or fabricated foil. Most 
modern compact units have etched or fabricated foil, but the plain foil type has a 
lower impedance at radio frequencies. " Surgeproof " types are available with a 
safe operating voltage of 450 volts but which have heavy leakage current when the 
voltage exceeds 500 volts. This type is able to handle very heavy ripple currents 
without deterioration. 

Reversible dry electrolytic condensers are manufactured, but they have higher 
leakage currents than standard types. 

Electrolytic condensers when Used as first filter condensers in condenser-input 
filters require careful consideration. The d.c. voltage plus the peak value of the 
ripple voltage must not exceed the rated voltage of the capacitor while the ripple 
current must not exceed the ripple current rating. The ripple current may be 
measured by a low-resistance moving iron, or thermal, meter ; a moving-coil rectifier 
type of instrument is not suitable. Alternatively the ripple current may be calculated 
—see Chapter 30 Sect. 2. 

Some typical ripple current ratings are given below (T.C.C.). Plain foil types 
have a higher ripple current rating than equivalent etched foil types. 

Special types are available for very low temperatures (Ref. B18). 
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Ambient temperature 

8 /xF 350 V " micropack " plain foil 
16 xtF 350 V " micropack " plain foil 

8 (iF 450 V etched foil 
16 /xF 450 V etched foil 
16 /xF 450 V plain foil 
32 /xF 450 V plain foil 

With multiple capacitor units, only one of the units is normally intended for use 
as the first filter condenser ; see catalogues for identification. 
See Chapter 38 Sect. 3(x) for standard ratings. 

(d) Paper dielectric condensers 

Impregnated paper forms a very useful dielectric, being intermediate between 
electrolytic and mica condensers as regards cost, size and leakage for a given capacit- 
ance. It is usually manufactured in units from 0.001 to 0.5 /xF, larger values being 
built up from several smaller units in parallel in one container. The impregnating 
material may be resin, wax, oil or a synthetic compound. Some impregnating mater- 
ials enable condensers to withstand extremely wide temperature ranges (e.g. — 50° 
to + 125°C — Sprague " Prokar " with plastic impregnant). Waxes may be used for 
moderate voltages and temperatures, as in radio receivers (from — 30 °C to + 65 °C 
for R.M.A. Class W). Other impregnants are used for higher temperatures (e.g., 
85°C, as R.M.A. Class M ; 100°C as T.C.C. " metalpack " and " metalmite "). 
The permissible insulation resistance at 25 °C is not less than 5000 megohms for 
capacitances up to 0.15 /xF, falling to 1000 megohms for 1 ttF, but this falls rapidly 
at higher temperatures, being 35% of these values at 40 °C. 

A typical 1 microfarad wax paper condenser designed for audio frequency applica- 
tions has the following characteristics : 
Frequency 
Inductance 
Resistance (effective) 
Reactance 

Q 

Power factor 

Percentage power factor 

* equal to ideal ** resonance 

Some paper dielectric capacitors are impregnated with a high permittivity wax to 
reduce the dimensions of the capacitor (Ref. B13). These capacitors have less de- 
sirable electrical characteristics than those with normal waxes. At 10 000 c/s the 
capacitance falls to 89% of its value at 100 c/s ; the capacitance varies from — 19% 
to + 6% as the temperature is varied from — 30° to + 70 °C. 

Wax-impregnated paper dielectric condensers are sometimes used for grid coupling 
purposes from a preceding plate at high potential, but plastic-impregnated or mica 
dielectric is to be preferred on account of leakage. As an example, take a paper con- 
denser with capacitance = 0.01 /x/xF at 40°C. The minimum insulation resistance 
will be 5000 x 0.35 = 1750 megohms. If the grid resistor has a resistance of 1 
megohm and the preceding plate voltage is 175 volts, there will be a voltage of 0.1 
volt on the grid as the direct result of leakage. 

In most other applications the leakage may be neglected entirely. 

Plastic (polystyrene) impregnated paper dielectric condensers have a very high 
insulation resistance, of the order of 500 000 megohms per microfarad, and are much 
more suitable for use as grid coupling condensers (e.g. T.C.C. Plastapacks, 50 to 
5 000 it tiF). A test after 9 months' handling under bad climatic conditions showed 
insulation resistances of 24 000 to 100 000 megohms (Aerovox Duranite, 0.01 to 
0.22 /xF). These condensers have power factors as low as those of mica condensers, 
while the temperature coefficient of capacitance is from — 100 to — 160 parts in a 
million per °C. For maximum stability they should not be operated above 60 °C, 
but the insulation resistance remains very high even up to 75 °C. These are available 
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in capacitances from 100 to 10 000 nfiF in tubular form and from 0.02 to 4 /xF in 
rectangular metal boxes (Ref. Bll). 

Mineral oil is used as an impregnant for working voltages from 1000 to 25 000 
volts and operating temperatures from — 30° to + 71 °C (T.C.C. " Cathodray ")• 
The insulation resistance of a mineral oil impregnated capacitor is greater than that 
with petroleum jelly impregnation, in the ratio of 2.5 to 1 at 0°C, rising to 12.5 to 1 
at 70°C (Ref. B13). 

Paper dielectric condensers are made in two forms — inductive, and non-inductive. 
The former is limited to a-f applications, while the latter may be used at radio fre- 
quencies. 

Ordinary paper dielectric capacitors should not be subjected to high a.c. potentials. 
Special types are produced by some manufacturers for use under these conditions, 
for example with vibrator power packs and line filters. 

For Standard Specifications see Chapter 38 Sect. 3(iii) and (iv). 

Metallized paper dielectric condensers 

This type utilizes a metal-sprayed or metal-evaporated paper dielectric instead of 
the more conventional metal foil and paper construction. This construction results 
in considerable reduction in size, while it also has a partial self-healing property in the 
case of breakdown. The insulation resistance of unlacquered condensers is quite 
low — of the order of 100 megohm microfarads — but some of those with a lacquered 
film have an average insulation resistance as high as 8000 megohm microfarads at 
25°C (Refs. B14, B15). 

There is a gradual reduction in the insulation resistance due to the self-healing 
property, the degree depending on the number of punctures. It is desirable for the 
total circuit resistance to be not less than 500 or 1000 ohms, to reduce the carbonising 
effect of the arc. However if the circuit resistance is high, there may be insufficient 
current to clear completely any breakdown, and the insulation resistance may fall. 
Consequently, this type of condenser should not be used in high impedance circuits 
without seeking the advice of the manufacturer. 

A metallized paper dielectric unit should be used with discretion as the first filter 
condenser following a thermonic rectifier, since the high peak breakdown current 
may damage the rectifier unless the circuit resistance is sufficiently high. 

The ratio of reactance to resistance (Q) of one lacquered unit with a capacitance of 
2 /tF is 200 at 0.5 Kc/s, 140 at 2 Kc/s and 60 at 10 Mc/s ; a 0.1 /*F unit has Q = 98 
at 10 Mc/s (Ref. B15). 

The inductance may be made very low, and these condensers are very useful for 
a-f and r-f by-passing. The usual (English) temperature limit is 71 °C for d.c. opera- 
tion, 60°C for a.c. In tubular form (wax-coated) these are available from 0.0001 
to 2 p.F with voltage ratings 150, 250, 350 and 500 V d.c. (RIC/136). Larger sizes 
are available with capacitances up to 20 fiF (400 V d.c. or 250 V a.c.) and voltages up 
to 550 V d.c. (4 M E). 

Voltage-temperature derating curves for Astron (U.S.A.) are 100% up to 86°C, 
linearly down to 38% at 120°C for units up to 1 /iF ; larger units are 100% up to 
76°C, down to 22% at 120°C (Ref. B16). 

The effect of 5000 hours' operating life on capacitance is negligible up to 65 °C and 
8% at 100°C. The effect of the same operation is to increase the power factor from 
an initial value of 0.5% to 0.6% at 65°C, or 0.8% at 100°C (Ref. B16). 

The paper is usually impregnated with wax, although mineral oil has also been 
used. Mineral wax impregnated units are generally preferred because of their 
higher breakdown voltage, although their capacitance falls about 10% as the tem- 
perature is increased from 50 °C to 85 °C. Mineral oil impregnated units have more 
constant capacitance with temperature change. 

These condensers are damaged by moisture and the unit is therefore well dried 
initially and hermetically sealed to prevent the ingress of moisture. 

References B10, B12, B14, B15, B16. 

Standard Specifications — Chapter 38 Sect. 3(ix). 
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(e) Mica dielectric condensers 

Mica has very high electrical stability and very low a.c. loss. It also permits the 
manufacture of condensers with close tolerances in capacitance, and low leakage. 
It is used in the manufacture of condensers with capacitances from 5 n fiF to 0.047 fiF 
for radio receiver applications, with voltage ratings from 300 to 2500 V. The in- 
sulation resistance is in excess of 3000 for the cheaper grade (Class A) and 6000 
megohms for other classes (American R.M.A. REC-115). The value of Q is over 
1000 for a typical capacitance of 200 fifiF at a frequency of 1 Mc/s ; the maximum 
value of Q occurs at frequencies about 100 Kc/s. 

Mica condensers are available in metal, moulded and ceramic casings [see Chapter 38 
Sect. 3(v)]. 

" Silvered mica " condensers are used when very high precision is required. 
Such a condenser with a capacitance of 1000 nfiF exhibits a capacitance change of 
less than 0.1% over a frequency range from low frequencies to 2 Mc/s. The effect 
of temperature on capacitance is a change of less than 60 parts in a rnillion for 1 °C 
temperature change (RIC/137). 

A typical 0.001 microfarad silvered mica condenser has the following characteris- 
tics : 

10 000 c/s 100 500 Kc/s 

0.024 0.024 0.024 ohm 

5500 7000 5800 

0.00018 0.00014 0.00017 
0.018 0.014 9.017 % 

Silvered mica condensers are normally available with capacitances from 5 to 20 000 
fifiF with tolerances ± 1%, ± 2%, ± 5%, ± 10% and ± 20% (subject to mini- 
mum tolerance ± 1 nfiF) (RIC/137). The average temperature coefficient is 
+ 25 x 10-* per °C, with limits from + 5 x 10" 6 to + 50 x 10"* per °C(U.I.C). 

Standard Specifications — Chapter 38 Sect. 3(v). 

(f) Ceramic dielectric condensers 

Ceramic dielectric condensers may be grouped under five heads : 

1. Types intended primarily for temperature compensation, having a series of 
negative and positive temperature coefficients with close tolerances on the coefficients. 

2. Types having temperature coefficients nearly zero. 

3. General purpose types with a broad spread of temperature coefficients. This 
may be further divided into two groups, those having positive and negative tempera- 
ture coefficients. 

4. Types with temperature coefficients not specified. These are available with 
capacitances from 0.5 ftfiF upwards. 

5. High-X types having relatively poor power factors and ^determinate tempera- 
ture coefficients. 

The first group is intended for use in the tuned circuits of radio receivers, in which 
their special temperature versus capacitance characteristics are used to reduce fre- 
quency drift during warming-up and running. A condenser having a negative tem- 
perature coefficient may be used to compensate the positive temperature coefficient 
of the tuned circuit alone. For standard specifications see Chapter 38 Sect. 3(vi). 

The second group is intended for use in tuned circuits requiring nearly constant 
capacitance, such as in i-f transformers. 

All except High-iC types have high stability and values of Q .from 335 to 1000, 
except for capacitances less than 30 n fiF. The insulation resistance is not less than 
7 500 megohms (R.M.A.). 

The High-^C types are not suitable for compensation purposes, but are used for 
by-passing and other non-critical applications. They are manufactured with capacit- 
ances up to 15 000 (i/j-F, with capacitance tolerances of ± 20%. The value of Q 
is from 30 to 100. 
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(g) Gang condensers 

Gang condensers usually have air dielectric, and are available in 1, 2 and 3 (occa- 
sionally 4) gang units. Some are fitted with trimmer condensers — see (h) below — 
while others are not. The shape of the plates may be designed to provide any desired 
capacitance characteristic (Refs. B5a, B5b) among which are : 

(1) Straight line capacitance : Each degree of rotation should contribute an 
equal increment in capacitance. 

(2) Straight line frequency : Each degree of rotation should contribute an equal 
increment in frequency. 

(3) Logarithmic Law : Each degree of rotation should contribute a constant 
percentage change of frequency. 

(4) Square Law : The variation in capacitance should be proportional to the 
square of the angle of rotation. 

Some gang condensers have all sections identical, while others have the oscillator 
section with specially shaped plates to give correct tracking without the use of a padder 
condenser. For standard specifications, see Chapter 38 Sect. 3(vii). 

The normal construction incorporates an earthed rotor, but condensers with 
insulated rotors are also available. Condensers with split stators and either earthed 
or insulated rotors are available for special applications. 

(h) Trimmer condensers (" compensators ") 

These are available in innumerable forms, and can only be briefly mentioned. 

The compression mica type is the least satisfactory of all since it tends to suffer 
from drift in capacitance, and is far from being linear in its characteristic. It is used 
in receivers for the medium frequency broadcast band and in the less expensive dual- 
wave receivers. 

The concentric or vane air-dielectric types are more expensive but have greater 
stability, are easier to adjust, and the better types are more satisfactory under tropical 
conditions. Ceramic trimmers are also obtainable. 

Trimmers are available in a wide range of capacitances, but for ordinary use with 
gang condensers should preferably have a minimum capacitance not greater than 
2 ft/jF, and a capacitance change not less than 15 npF (R.M.A. REC-101, REC- 
106-A). 

See also Chapter 38 Sect. 3(vii and xi) for standard specifications. 



(iii) Combination units 

Combinations of one or more capacitors with one or more resistors are becoming 
common, and are very convenient. Some popular combinations are 

(a) Diode filters incorporating one resistor and two capacitors with a common 
earth return. 

(b) Cathode bias units incorporating one resistor shunted by a capacitor. 

(c) Plate and grid decoupling units incorporating one capacitor and one resistor. 

(d) Audio frequency coupling unit incorporating a plate load resistor, coupling 
capacitor and grid resistor with also (in one example) a grid stopper resistor and 
capacitor. 

(iv) Practical inductors 

Iron-cored inductors are covered in Chapter 5. Radio frequency inductors, both 
air-cored and iron-dust cored, are covered in Chapter 11. The calculation of in- 
ductance of air-cored inductors at all frequencies is covered in Chapter 10. 
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SECTION 1 : IDEAL TRANSFORMERS 

(0 Definitions («) Impedance calculations — single load (Hi) Impedance calcula- 
tions — multiple loads. 

(i) Definitions 

An ideal transformer is a transformer in which the winding reactances are 
infinite, and in which winding resistances, core loss, leakage inductances and winding 
capacitances are all zero. In such a transformer the voltage ratio between any two 
windings is equal to the turns ratio of the windings, under all conditions of loading, 
as illustrated in Fig. 5.1 . Also, in such a transformer the currents in any two windings 
are inversely proportional to the ratio of turns in the windings under all load conditions. 
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Fig. 5.1. Ideal two-winding transformer. E x and E 2 are alternating voltages 

(r.m.s.). I x and I 2 are alternating currents (r.m.s.) but the indicated directions of 

current flow are at a chosen instant and correspond to the direction of voltage at 

that instant. Similar remarks apply to Fig. 5.2. 

Modern iron-cored transformers often approach so closely to perfection for their 
particular purposes that their analysis on the basis of ideal transformer theory may 
give useful practical approximations for design purposes. 

A double-wound transformer is one in which, as illustrated in Fig. 5.1, separate 
primary and secondary windings are used to permit isolation of the primary and second- 
ary circuits except through mutual inductive coupling. 
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(i) DEFINITIONS 



5.1 



Auto-transformers may be used with economy in some cases : a single winding 
is tapped to give the required turns ratio, which may be greater or less than unity, 
between primary and secondary. An ideal step-up auto-transformer is shown in 
Fig. 5.2. 
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Fig. 5.2. Ideal step-up auto-transformer. 



An auto-transformer is always more economical to construct than a two winding 
transformer as indicated in the following tabulation : 

Total Volt-ampere Transformer 



Type of Winding 


Ratios 


rating 


of W] 


ndings 


Output V.A 


Auto 


10 : 9 or 9 : 10 




20 




100 


Auto 


2 : 1 or 1 : 2 




100 




100 


Auto 


3 : 1 or 1 : 3 




133 




100 


Auto 


5 : 1 or 1 : 5 




160 




100 


Auto 


10 : 1 or 1 : 10 




180 




100 


Double 


any ratio 




200 




100 



The currents in the primary and secondary sections are exactly 180° out of phase, 
and the resultant current flowing through the common portion of the winding is the 
difference between the two. When the ratio is 1 : 2 or 2 : 1, the currents in the 
two sections of the winding are equal. 

In ideal transformer theory there is no distinction between auto- and two-winding 
transformers and they need not therefore be considered separately in this section. 

(ii) Impedance calculations — single load 

When the secondary of a simple two-winding ideal transformer is loaded with a 
resistance R 2 as shown in figure 5.3, the equivalent or transformed load JRj as 
measured between the primary terminals is 

R, = (NMy.R 2 (1) 

and since the voltage ratio between primary and secondary is equal to the turns ratio, 
this may be written as 

R, = {EJE.y.R, (2) 

A transformer therefore merely transforms a load imposed on its secondary. 
Its primary does not in the ideal case impose any load unless a load is applied 
to the secondary. It is the turns ratio between primary and secondary, 
and not the number of turns in the primary, that governs the transformed 
or reflected load impedance. 
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Fig. 5.3. Ideal two-winding transformer with loaded secondary. 

If however a transformer is to approximate to the ideal, the number of turns in the 
primary must be sufficient to make the reactance of the primary high compared with 
the transformed value of the load impedance as measured across the primary terminals. 
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For an ideal transformer with a centre-tapped primary as shown in Fig. 5.4, 
the transformed load measured across the whole primary (between terminals, P, P) 
is equal to the transformed value R-i. If however only one half of the primary is used 
(between either of terminals P and terminal C.T.) the transformed load presented 
is i Ri. 



E 2 N 2 

R, = (NJNJ**, 
= (EJEtf.Ri 
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Fig. 5.4. Ideal transformer with primary centre-tap and loaded secondary. 



As a practical example of the primary centre tap, consider the use of the trans- 
former of Fig. 5.4 to feed a 500 ohm line (R 2 = 500 ohms). If the transformer has 
an impedance ratio (NJN^Y equal to 10 : 1, the transformed load across the whole 
of the primary, e.g., when the primary is fed by a push-pull amplifier, is 10 x 500 = 
5000 ohms. If, however, only one half of the primary were used for connection to a 
single-ended amplifier, the load presented to the amplifier would be 1250 ohms. 

For an ideal transformer with a winding tapped for load matching, as 

shown in Fig. 5.5, the calculation of the tap to be selected for any particular load 
follows from the application of eqn. (1). 



R, = (NJN AB y.R AB 
and so on. 



FIG.5-5 

Fig. 5.5. Ideal transformer with secondary tapped for load matching. 




In these equations a load connected across terminals A and B is denoted by R AB and 
the number of turns in the secondary between these two terminals is given by N AB , 
and corresponding designations apply for any pair of terminals across which the load 
is connected. 

If, for example, the ter min als A, B provide a match with a 10 ohm secondary load 
with a total of N AB secondary turns, the number of turns N AD required between 
te rminal s A and D to provide a similar match to a 500 ohm line is given simply by 
(N AD /N AB ) 2 = 500/10 = 50, so that 
N AD /N A B = V50 = 7.07. 

The number of turns in the 10 ohm winding is approximately one-seventh of the 
number of turns for matching to 500 ohms. It is, of course, permissible to use any 
pair of secondary terminals such as B, C or C, D and so on, so that a wide range of 
transformation ratios is available from a transformer arrangement such as that shown 
in Fig. 5.5. 

(iii) Impedance calculations — multiple loads 

Where two or more loads are connected simultaneously to the windings of a trans- 
former, the conditions for matching may be determined readily by the following 
methods. 
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(iii) IMPEDANCE CALCULATIONS— MULTIPLE LOADS 



5.1 



Consider an ideal transformer having two secondaries of N 2 and N 3 turns connected 
to loads R 2 and R 3 respectively as shown in Fig. 5.6. It follows immediately from 
eqn. (2) that 

E 2 /E x = N 2 /N x ; E 3 /E 1 = N 3 /N x j E 3 /E i = N s /N 2 (3) 

and, since the transformer is an ideal one, these relations hold irrespective of the 
relative values of the loads. 
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Fig. 5.6. Ideal transformer 
with, multiple loads. 



It is sometimes convenient to draw the diagram as in Fig. 5.7, which is equivalent 
in every way to Fig. 5.6. If, as a special case, N 2 /N 3 = R 2 /R 3 , then the voltages of 
the two points A and B will be the same, and the link AB may be omitted without 
any effect. The currents in both sections of the transformer and in R 2 and R 3 will 
then be the same. 

The value of the reflected or transformed load R ± measured across the primary 
terminals can be obtained by considering the power in relation to the voltages specified 
in eqn. (3). 



Fig. 5.7 Ideal transformer with 

multiple loads as in Fig. 5.6, but 

with the secondaries connected at 

points A, B. 
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Let W x = total input watts to the primary = E X *IR X 
W 2 = watts in the load R 2 = E 2 2 /R 2 

W 3 = watts in the load R 3 = E 3 2 /R 3 



Then W x 
so that Ex* 

~r7 



= W; 

R? 

_ E 
~ R 
We therefore have 



W 3 (since there are no transformer losses) 



+ r7 



lY*»Y + ^Y^Y 

2 \nJ + r 3 \nJ 



j_ 



l 



RM/NJ* 



+ 



1 



(4) 



RM/NJ * 

so that the total load R x presented by the primary is equal to the parallel combination 
of the two transformed loads R^NJNz)* and R 3 (Nx/N 3 ) 2 . 

If an additional winding of N t turns is connected to a load i? 4 we obviously have 
in the same way 

111 1 



+ 



+ 



(5) 



R x RM/NJ* ' R 3 (N X /N 3 )* ' RM/NJ* 
and so on, for any number of loads. Such expressions are equally applicable whether 
the secondary windings used are separate windings or whether they form part of a 
single tapped secondary. For example if, in the transformer shown in Fig. 5.5, we 
have loads R AB , R AC and Rbd connected to terminals AB, AC, and BD respectively, 
we will have 
_1 

Ri 
and so on. 

A typical practical case is one in which a known power output W x from an amplifier 
is fed into a known reflected impedance R x with two secondaries feeding loads R, 



+ 



+ 



RabWi/Xas)* ' R^Ni/N^y ' R BD (Nx/N BD y 
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and 


R 3 W 3 /R 1 W 1 


= E^/E, 


For 


example 


if W % 


= 3 


watts 






W 3 


= 4 


watts 


and 




w, 


= 7 


watts 


we have 








N t * 


500 


X 3 


1 




N^ 


~ 7000 


X 7 


32.7 


1J 



and R 3 (such as two loudspeakers) which are required to operate with power inputs 
of W t and W 3 respectively, so that W x = W 2 + W 3 . The required transformer 
turns ratios are then given by 

RxWj. = E^ ; R 2 W 2 = E 2 * ; R 3 W 3 = E 3 * (6a) 

so that R % WJR 1 W 1 = E^/E x * = N^/N^ (6b) 

= NS/Ni* (6c) 

R 2 = 500 ohms 
R 3 = 600 ohms 
R ± = 7,000 ohms 

Therefore ^ = 5^7 

and similarly N 3 /Nx = 1/4.5. 
Expressions su ch as (6) may be written in the more general form 

NM = V&n/RjXWJWJ (7) 

where N n = number of turns on secondary n, 

N t = number of turns on primary, 

R n = load applied to secondary n, 

Rx — transformed total primary load, 

W n = watts in load R n , 
and W x = total watts input to primary, 

but it must be noted that these relations hold only when all loads are connected so 
that the specified input conditions to the primary do exist. Eqn. (7) is also applicable 
to determine the turns ratios of two or more separate transformers feeding two or 
more loads from a common amplifier which delivers W x watts into a total load of R x 
ohms. 



FIG. 5-8 




Fig. 5.8. Ideal transformer with multiple loads and tapped secondary, which is 
effectively identical with Fig. 5.6. 



If a transformer is supplying power to two or more loads, such as loudspeakers, 
and one of these is switched out of circuit, the impedance reflected on to the primary 
will change due to the reduction of loading on the secondary. In order to avoid the 
resultant mismatching it is advisable to switch in a resistive load, having a resistance 
equal to the nominal (400 c/s) impedance of the loudspeaker, so as to take the place 
of the loudspeaker which has been cut out of circuit. In this case the resistance 
should be capable of dissipating the full maximum power input to the loudspeaker. 
Such an arrangement will also have the result that the volume from the remaining 
speakers will be unchanged 

Alternatively if it is desired to switch off one loudspeaker and to apply the whole 
power output to a single speaker, it will be necessary to change the number of second- 
ary turns so as to give correct matching. This change may generally be arranged 
quite satisfactorily by the use of a tapped secondary winding. In this case the loud- 
speaker would be used on the intermediate tap when both speakers are in use, and on 
the whole winding for single speaker operation. 

It does not matter whether two or more secondary windings or a single tapped 
winding is employed. The arrangement shown in Fig. 5.8 is effectively identical 
with that of Fig. 5.6. 
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SECTION 2 : PRACTICAL TRANSFORMERS 



(j) General considerations («) Effects of losses. 

(i) General considerations 

The treatment in section 1 based on ideal transformer theory is an extremely useful 
first approximation in design problems, particularly if the transformers to be used are 
so liberally designed that their general characteristics approximate to the ideal. 

In practice it is usually necessary to take into account : 

(a) The resistance of each winding 

(b) The core loss 

(c) The inductances of the windings 

(d) The leakage inductances 

(e) The capacitances between windings and between each winding and ground, 
and the self capacitance of each winding. 

A useful equivalent circuit of a practical transformer is shown in Fig. 5.9. 
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• IDEAL TRANFORMER 
FIG.5-9 ' ' 

Fig. 5.9. Equivalent circuit of a practical transformer. 



In this equivalent circuit we have an ideal transformer with a turns ratio N t /N! 
(equal to the turns ratio of the actual transformer), with the incidental characteristics 
of the actual transformer represented by separate reactances and resistances. 
7*! = the resistance of the primary winding 
L x = the equivalent primary leakage inductance 
r 8 = the resistance of the secondary winding 
L 2 = the equivalent secondary leakage inductance 
R = the equivalent core-loss resistance (including both hysteresis and eddy 

current losses) 
L = the inductance of the primary winding 
C M C 2 = the primary and secondary equivalent lumped capacitances 
C w = the equivalent lumped capacitance between windings 
R t = input resistance of transformer on load 
andR t = the load resistance across the secondary. 

Such an equivalent circuit is capable of representing a practical design with con- 
siderable accuracy, but actual calculations would be tedious and in some cases very 
difficult. 

The reactances and resistances shown therein have varying effects on the input- 
output voltage ratio according to the frequency of the signal which the transformer 
is handling (Ref. 1). In general, the equivalent circuit can be presented in three 
distinct simplified forms for use when considering the transformer operating at low, 
medium and high frequencies respectively (Figs. 5.10B,C,D). 

Audio transformers can be conveniently dealt with in this manner, whereas power 
transformers operating over a very limited frequency range can be more simply de- 
signed on the basis of Fig. 5.10A. 

The whole of the equivalent circuit of Fig. 5.10A can be referred to the primary, 
as in Fig. 5.11 where the ideal transformer has been omitted and r a and R 2 multiplied 
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by the square of the turns ratio. This is often a convenient way of making calcu- 
lations. 
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Fig. 5.10A. Simplified equivalent circuit for calculating the effect of losses. 
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Fig. 5.10B. Low frequency 
equivalent circuit. 

Fig. 5. IOC. Medium fre- 
quency equivalent circuit. 

Fig. 5.10D. High frequency 
equivalent circuit. 

R u = Total winding resist- 
ance referred to prim- 
ary 

L, = Total leakage induct- 
ance referred to prim- 
ary 

C = Total winding capac- 
itance referred to 
primary 

Rl = Secondary load re- 
sistance "referred to 
primary 
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FIG. 5-11 

Fig. 5.11. Simplified equivalent circuit referred to the primary. 

(ii) The effects of losses 

If a transformer is designed to deliver power into a resistance load, such as valve 
heaters, the primary and secondary copper losses are usually designed to be of the 
same order. 

A particular transformer reaches its maximum efficiency when the copper losses 
have become equal to the iron losses (proof given in Ref. A10), although this does not 
necessarily occur at full load unless the transformer is so designed. 

The efficiency is the ratio of the output power to the output power plus the losses. 
For audio and power transformers for radio purposes typical efficiencies range from 
70 to 95 per cent, with the majority of power transformers falling between 80 and 90 
per cent. 

The regulation of a transformer is defined differently in American and British 
practice, the primary voltage being held constant throughout. 
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American definition. The percentage voltage regulation is the difference be- 
tween the full-load and the no-load secondary voltages, divided by the full-load 
voltage and multiplied by 100. 

British definition. The percentage voltage regulation is the difference between 
the full-load and the no-load secondary voltages, divided by the no-load secondary 
voltage and multiplied by 100 (B.S.205 : 1943). 

However, the difference between the two definitions is quite small for small per- 
centages of voltage regulation. 

The regulation of audio transformers when operating over a limited frequency range 
(say 200-2000 c/s), and of power transformers working at 50-60 c/s., i.e. the ratio of 
EJE Xi is affected mainly by the copper losses. 

Thus EJE 1 ph -qT and I 2 /h « 1/7*, (1) 

where i? = efficiency 
and T — turns ratio. 

As a further consequence the impedance ratio is changed, and, making the same 
assumptions as above, 

i?i ft* r x + r 2 /T* + RJT* (2) 

At low frequencies, the reflected impedance is altered by the shunt effect of the 
primary inductance, while at high frequencies, a similar change is caused by the 
leakage inductance and winding capacitances. This is covered in Sect. 3(iii). 

The damping of a loudspeaker, connected as a load to the secondary of an output 
transformer, is also affected to some degree by the losses. Where an accurate in- 
dication of the damping factor is required, these losses should be taken into account. 
Refer to Chapter 21 Sect. 3. 



SECTION 3 : AUDIO-FREQUENCY TRANSFORMERS 

(z) General considerations (ii) Core materials (iii) Frequency response and dis- 
tortion — (a) Interstage transformers (b) Low level transformers (c) Output transformers 
(iv) Designing for low leakage inductance (v) Winding capacitance (vi) Tests on 
output transformers (vii) Specifications for a-f transformers. 

(i) General considerations (Reference 1) 
Audio frequency transformers can be divided into three major categories, 

(a) Low level input 

(b) Medium level interstage 

(c) Output. 

For design purposes it is necessary to know 

(1) Operating level, usually expressed in db above or below a reference level of 
1 rnilliwatt (i.e. dbm), 

(2) Frequency response, with permitted deviation, quoting reference level at 
which measurements are made, 

(3) Permissible distortion, at specified operating levels and frequencies, 

(4) Impedance, phase angle, and nature of source and load between which trans- 
former is to be connected, 

(5) Value of d.c. (if any) flowing through any winding, 

(6) Hum reduction requirements, 

(7) Phase shift permitted. 

Operating level 

This restricts the choice of core materials and determines the physical size. Suit- 
able core alloys include MU METAL and RADIOMETAL together with silicon 
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steels in various grades. As MUMETAL saturates at a comparatively low 
flux density, it is only suitable for low level transformers. Economic factors will 
probably dictate which material is finally used. 
Frequency response 

At low frequencies the response falls off due to the finite value of primary inductance. 
At high frequencies, the winding capacitance and leakage inductance are responsible 
for the response limitations. 
Distortion (a) Low frequency 

This is mainly dependent on the maximum operating flux density at the lowest 
frequency of interest. Distortion due to this cause falls off rapidly with increase in 
frequency. Other sources of distortion are observed v/hen transformers operate in 
valve plate circuits. The drop in valve load impedance due to the shunting effect 
of the primary inductance may cause the valve to distort. Further, the load im- 
pedance will also change to a partially reactive one at low frequencies. The valve will 
therefore operate with an elliptical loadline and will introduce additional distortion 
unless care is taken. 

A simple method of measuring the harmonic distortion in the cores of a-f trans- 
formers is described in Ref. C33. 
Distortion (b) High frequency 

At this end of the audio spectrum the load impedance changes again in magnitude 
and sign, thus causing an associated valve to generate distortion. 
Source and load 

Before the design of a transformer can be proceeded with, something must be known 
about the impedances between which the transformer is required to operate. As- 
suming that it is a low level unit, for example, it may be intended to operate from a 
ribbon microphone, a low impedance line, a gramophone pickup or the plate of a 
valve. It may have to feed the grid of a pentode or triode, a line or a mixer circuit. 
The secondary may be shunted by a resistance or a frequency correcting network. 
Unless these factors concerning the external circuits are known it is not possible to 
predict with any degree of accuracy, the ultimate performance of the transformer. 
D.C. polarization 

If an unbalanced d.c. component is present in one of the windings, this will cause 
a reduction in inductance over that attainable without d.c. This would require a 
larger transformer to meet the same performance specifications. In some cases 
where the d.c. magnetizing force is high, the use of high permeability alloys is not 
feasible. As far as practicable, unbalanced d.c. should be avoided in transformers, 
either by using a push-pull connection or shunt feed. For calculation of primary 
inductance with a d.c. component present, refer to Section 6. 
Hum reduction 

When the operating level is very low, it may be found desirable to shield the trans- 
former to decrease the hum level to a suitable magnitude. This can be achieved in 
several ways, MUMETAL shields up to three in number being particularly effective. 
An outer case of sheet metal or cast iron is normally employed. The use of a balanced 
structure such as a core type instead of a shell type lamination will assist in reducing 
the effects of extraneous a.c. fields. 
Phase shift 

In certain applications it is desirable to apply negative feedback over an amplifier 
incorporating one or two transformers. To achieve stability with the desired amount 
of gain reduction, it is necessary to exercise careful control of phase shift over a fre- 
quency range very much wider than the nominal frequency range of the transformer 
(see Chapter 7 Sect. 3). 

(ii) Core materials 

High permeability alloys are now produced by several manufacturers under a 
variety of trade names. These are listed below, with silicon steel shown for com- 
parison. 

See also Ref. C34. 
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NICKEL IRON AND OTHER ALLOYS 

{B-H) Sat. 



Material 


P 


/x d.c. 


H max d.c. 


Gauss 


Lines/sq.in. 


Mumetal 


62 


30 000 


130 000 


8 500 


55 000 


Permalloy C 


60 


16 000 


75 000 


8000 


52 000 


Radiometal 


55 


2 200 


22 000 


16 000 


103 000 


Permalloy B 


45 


2 000 


15 000 


16 000 


103 000 


Permalloy A 


20 


12 000 


90 000 


11000 


71000 


Cr-Permalloy 


65 


12 000 


60 000 


8 000 


52 000 


Mo-Permalloy 


55 


20 000 


75 000 


8 500 


55 000 


1040 


56 


40 000 


100 000 


6 000 


39 000 


Megaperm 


97 


3 300 


68 000 


9 300 


60 000 


Hipernick 


46 


3 000 


70 000 


15 500 


100 000 


45 Permalloy 


45 


2 700 


23 000 


16 000 


103 000 


Rhometal* 


95 


250—2 000 


1 200—8 500 


12 000 


78 000 


4% Silicon Steel 


55 


450 


8 000 


19 500 


125 000 



P = resistivity in microhm cm ; fi = initial permeability 
ix max = maximum permeability obtainable. 

For audio transformer work the first four are frequently used. RHOMETAL 
has a special field of application, namely for transformers handling ultrasonic and 
radio frequencies up to several megacycles. 

. Flux densities of the order of 22 000 lines per square inch can be used with 
MUMETAL and approximately double this value with RADIOMETAL, the upper 
limit being set by the permissible distortion. For further information on this point 
see Sect. 3(iii). 

For higher power output transformers, high silicon content (up to 4£%) sheet 
steel is in general use. To retain high permeability at low flux densities, the strips 
or laminations should be annealed after shearing and punching. Spiral cores of grain- 
oriented silicon steel are of considerable use in this application. 

As a general rule, the output transformer should have the largest core which is 
practicable or permissible having regard to cost or other factors. A large core of 
ordinary silicon steel laminations is usually better than a small core of special low-loss 
steel. 

The weight of steel in the core is a function of the minimum frequency, the per- 
missible distortion, the core material, and the maximum power output. As a rough 
guide, subject to considerable variation in practice, the core may be taken as having 
Weight in lbs. = 0.17 x watts output 
Volume in cu. ins. = 0.7 x watts output. 
These are for normal typical conditions, and may be decreased for less extended low 
frequency response or for a higher permissible distortion. For good fidelity, an in- 
crease in core size to double these values is desirable. 

Several new core materials are now available including CASLAM and FERROX- 
CUBE. 

CASLAM is a soft magnetic core material with finely laminated structure for use 
at frequencies from 50 c/s up to at least 10 Kc/s. It is composed of flake iron par- 
ticles pressed into a compact mass of the desired shape in such a way as to produce 
innumerable thin magnetic layers aligned in the plane of the flux. By virtue of its 
dense compacted structure many of the assembly and fixing problems associated 
with the older stacking method are eliminated. Grade 1 is a low density material 
with a maximum permeability of 860. Grade 2 is a denser material with a higher 
maximum permeability of 1000. Grade 3 is similar to grade 1 in magnetic characteris- 
tics but has better strength and machining qualities. 

For choke cores a pair of E's can be butted together but where minimum gap is 
required the block can be broken and then rejoined after the coil is positioned. Be- 
cause of the fibrous laminated structure exposed by breaking, microscopic inter- 
leaving occurs when the join is remade in the correct manner. 

♦Properties depend upon different heat treatment deliberately given. 
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Rigid clamping is less important since there are no free laminations to vibrate under 
load. For this reason also, combined with the somewhat discontinuous nature of the 
material, the acoustic noise emitted by the block is considerably reduced, especially 
at higher frequencies. 



PHYSICAL PROPERTIES OF CASLAM 
Caslam 1 Caslam 2 

860 at 4 Kg 1000 at 4 Kg 



Caslam 3 



) at 10 K 


g 830 at 10 Kg 


Similar 


7000 


7000 ergs/cc/cycle 


to 


2.4 


2.4 oersteds 


grade 1 


18 Kg 


18 Kg 




2.5 


2.75 watts/lb. 




7.0 


7.4 gms/cc 




110°C 


110°C 


150°C 


0.04 




0.03 


0.003 




0.002 



Property 

Maximum permeability 

Effec. permeability 

Hys. loss for B max = 10 Kg. at 50~ 

Coercive force B max = 10 Kg. at 50~ 

Sat. flux density 

Total a.c. loss, B ma x = 10 Kg. at 50~ 

Density 

Max. oper. temperature 

Resistivity (ohm-centimetre) 

(a) Normal to plane of laminae 

(b) In plane of laminae 
The a.c. loss is almost entirely hysteresis, the eddy current loss being less than 

10% of the total. For this reason, the a.c. permeability at SO^ is approximately 
equal to the d.c. figure and at higher acoustic frequencies, blocks of CASLAM 
compare favourably in magnetic properties with stacks built up from normal silicon 
iron sheet. 

Dust cores generally suffer from low permeability and, to reduce eddy currents, 
particle size has to be reduced ; this causes further reduction in permeability. 

Other new ferromagnetic materials such as the ferromagnetic spinels and FERROX- 
CUBE are described in Chapter 1 1 Sect. 3(v)E, and find their applications principally 
at frequencies above the audio range. 

(iii) Frequency response and distortion 

(Reference 31) 

(a) Interstage transformers — Class A and B 

At the mid-frequency* the amplification is very nearly equal to the amplification 
factor of the valve multiplied by the turns ratio of the transformer, where the secondary 
is unloaded. 

At low frequencies the gain falls off due to the decrease in primary reactance. The 
ratio of the amplification at a low frequency A u compared with that at the mid-fre- 
quency A mf can be expressed thus — 

A^_ = 1 

A mt 



^ + (ir 



(i) 



where L = primary inductance 

and R = plate resistance plus primary resistance. 

The response will fall off 3 db at a frequency such that wL = R. At a frequency 
such that 

tt>L = 2R (2) 

the response will be down approximately 1 db from the mid-frequency level. 

At high frequencies the leakage reactance and shunt capacitance, in conjunction 
with the plate and winding resistances, form a low Q series resonant circuit. Above 
this resonant frequency the gain will fall off rapidly. In the neighbourhood of re- 
sonance the change in gain will depend on Q os the Q of the resonant circuit. This 
factor can be varied by adding external resistance or by winding the secondary partly 
with resistance wire (Ref. C3). The resonant frequency can be varied by changing 
the value of the total leakage inductance, L, or the interwinding capacitances. These 
are both functions of the transformer structure. See also page 518. 

By careful choice of core material, lamination dimensions and method of sectional- 
izing the winding, it is possible to achieve a frequency response extending beyond 
the normal audio range (Refs. C2, C4, C5, C6 and Figs. 5.12 and 5.13A). 

*The mid-frequency is the frequency at which maximum gain is obtained. 
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5.3 



SENSE OF SECONDARY 
WINDINGS TO BE 
IN OPPOSITION 



As the leakage inductance L, is proportional to the square of the turns, N, it is 
possible to extend the high frequency response by reducing N. This, of course, 
reduces L in the same proportion as L„ but this effect can be overcome by the use 
of a high permeability alloy. 

For low level working it is usual to as- 
sume an initial a.c. permeability of 350 for 
silicon steel. If a RADIOMETAL core 
with an initial a.c. permeability of say, 
1600, and of similar dimensions is substi- 
tuted, N could be reduced in the ratio of 
V 1600/350 or 2.14/1 and L s approxi- 
mately 4.6/1 over that for the silicon steel 
transformer. Similarly if a MU METAL 
core having an initial a.c. permeability of 
10 000 and of similar dimensions is sub- 
stituted, N could be reduced in the ratio of 
V(10 000/350) or 5.34/1 and L, approxi- 
mately 28.5/1. 




Fig. 
with 



5.12. Transformer wound 
balanced secondaries. 



In those examples, the primary inductance has remained constant, but the leakage 
inductance has decreased over 4 times and 28 times respectively without any secrional- 
izing of the winding or interleaving. This indicates the improvement possible with 
the use of high permeability alloys. 

Care must be taken, with the reduction in turns, that the flux density in the core 
does not exceed safe limits from the point of view of distortion (see Refs. C7, C8, C9, 
C10). 

In the case of transformers working at low levels and hence, generally, a low flux 
density, the distortion may not be a consideration. It is possible to achieve an im- 
proved high frequency response, while keeping the distortion at the same level at 
low frequencies, by increasing the core cross section and proportionately reducing the 
turns. This however, increases the mean length of turn and also L„ so the nett 
reduction of L, is not as great as would be anticipated. In addition, the cost of the 
transformer increases, particularly if a high permeability alloy is used. Class B 
input (driver) transformers are usually called upon to handle appreciable amounts 
of power during part of the audio frequency cycle, but are designed on the basis of 
open circuit working when considering primary inductance. Winding resistance 
and leakage inductance must be kept low to avoid distortion (Refs. C21, C22). 
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Fig. 5.13A. Typical coil arrangements in audio transformers. 

(iii) (b) Low level transformers 

Transformers working about or below a zero level of 1 milliwatt (ldbm) usually 
employ a MU METAL core. In most instances hum shielding is necessary to attain 
the desired signal to hum ratio. This is generally required to be in excess of 60 db. 
Satisfactory shielding can be obtained by using around the transformer one or more 
shields made of high permeability alloy. Where a.c. fields are strong, the outer 
shield is normally designed to be made of an alloy which has a high saturation flux 
density. Thus the inner shields of, say, MU METAL, are working at maximum 
efficiency in a low a.c. field where their permeability is a maximum. Sometimes 
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sheet steel or thick cast iron outer cases are used. More often a special alloy, such 
as Telcon 2129, is used. This material has magnetic properties similar to RADIO- 
METAL, but is suitable for deep drawing. Inner shields are often of copper to give 
shielding from electric fields (Refs. Cll, C12). Some improvement is possible if a 
core type structure is used in place of a shell type, owing to the cancellation of stray 
voltages induced in the winding by external fields. 

As an example of the use of high permeability alloys, the following design problem 
is presented. Calculate the primary turns for a 50 ohm to 50 000 ohm transformer 
working at zero level (1 dbm). The frequency response must not fall more than ldb 
below mid-frequency response, at 50 c/s Distortion must not exceed 1% at zero 
level at 50 c/s. The source impedance is 50 ohms resistive and the secondary is 
unloaded. Core material to be used is MUMETAL. 
1st Step. Calculate primary inductance. 

For 1 db attenuation, coL = 2R (Eqn. 2). 

L = 2R/co = 2 x 50/2 x v x 50 = 0.32 henry. 
2nd Step. Calculate primary turns. 

Assume square stack of Magnetic and Elec. Alloys No. 35 lamination. Length 
of magnetic path, / = 4.5 inches 

Cross sectional area = 0.56 square inches. 

3.2A ^Y 2 L x 10 s x / 

L = ,^ a . . , — Therefore N 2 



N 2 



10 8 X / 

0.32 x 10 8 X 4.5 



3.2 x A x 



V- 



3.2 x 0.56 
3rd Step. Calculate working flux density. 

Primary voltage E = V W.R 
where W = input power 

Therefore E = s/l ~ 



Therefore N = 90 turns. 



and 



B = 



x 10~ 3 X 50 = 0.224 V 
0.224 x 10 8 



4.44 X 50 X 90 X 0.56 
= 2000 lines per square inch 
= 310 Gauss. 
4th Step. Determine percentage distortion. 

Referring to Fig. 5.13B and using curve 
for cdL = 2R, it will be noted that the 
percentage distortion is approximately 
0.75%. This assumes that the perme- 5 
ability value, /*, is still 10 000 at the opera- § 
ting flux density. In practice yu may ex- < 
ceed this figure and thus the distortion as j 
calculated above may be larger than would 
be measured in a finished transformer. In 
this problem, for simplification, no account 
has been taken of the stacking factor, which 
would modify the result slightly. 

When the secondary of the transformer 
is loaded, R in eqn. 1 then becomes R A 
as in eqn. 3 and R in Fig. 5.13B is read as 
R A . The calculation for distortion then 
follows in a similar manner to the unloaded 
secondary example worked earlier. 

(iii) (c) Output transformers 

The factors affecting the frequency res- 
ponse of output transformers (Ref. CI 3) 
are similar to those affecting interstage 
transformers. Refer to Figs. 5.1 0B, C 
and D. 




man — sauij 



Fig. 5.13B. Total harmonic 
distortion plotted against flux 
density for different ratios of 
primary reactance to R where 
R = plate resistance + primary 
resistance (Ref. C9). 
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The response falls off from the mid-frequency gain by 3 db at a low frequency 
such that 

wL = R A (3) 

Attenuation is 1 db when 

o>L = 2R A (4) 

. D (r„ + Rw)Rl 

Where R ' = r,+R w + R L 

r„ = plate resistance of valve 
R L = load resistance referred to the primary 
and R w = total winding resistance referred to the primary. 

The response falls off from the mid-frequency gain by 3 db at a high frequency 
such that 

u>L s = R B (5) 

Attenuation is 1 db when 

a>L s = 0.5 R B (6) 

where R B — r v + R^ + R L 

and L s = total leakage inductance referred to primary. 

E fiRr 
The gain at the mid-frequency = — = ^~- (7) 

hi K B 

where E { = voltage input to grid of output valve 

E = voltage output across R L 
and fi = amplification factor of output valve. 

It is thus possible to specify the primary and leakage inductances permissible when 
the frequency response requirements are known. An example will illustrate this. 
Determine the minimum primary inductance and maximum leakage inductance 
permitted in an output transformer designed to match a pair of Class A 2A3 triode 
valves with a 5 000 ohm load. The response is to be within 1 db from 50 to 10 000 
c/s. The plate resistance of each valve is 800 ohms. Neglect R w . 
Make all calculations from plate to plate. 
For a fall of 1 db at 50 cycles per secondj 

a)L = 2R A . 
5000 x 1600 
Now R * = 5000 + 1600 = 1200ohm sapprox. 
<nL = 1200 X 2 = 2400 
L = 2400/2 X it x 50 
= 7.6 henrys approx. 
This is the value that would be measured on a bridge at low induction. 
For a fall of 1 db at 10 000 cycles per second, 

o>Lg = 0.5 R B 
Now R B = 5000 + 1600 = 6600 ohms. 
<oL s = 0.5 x 6600 = 3300 
L s = 3300/2 X * X 10 000 

= .052 henry approx. = 52 millihenrys. 
Note particularly that distortion requirements may necessitate an increase in L, 
and a decrease in L s . 

The following table indicates the relationship between the low frequency attenuation 
and the ratio of a>L /R A : 





TABLE 1 




Loss 


Relative amplification 


o>LJR A 


0.5 db 


0.94 


3.63 


1.0 db 


0.89 


1.94 


2.0 db 


0.79 


1.30 


3.0 db 


0.71 


1.00 


6.0 db 


0.50 


0.58 
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The inductances required for various values of R A , for a bass response loss of 1 
decibel are as follows, correct to two significant figures : 

TABLE 2 



Value of R A 






Bass response 


down 1 


db at 




ohms 


150 


c/s 


100 


c/s 


50 


c/s 


30 c/s 


800 


1.7 H 


2.6 H 


5.1 


[ H 


8.5 H 


1200 


2.6 H 


3.8 H 


7.6 H 


13 H 


1500 


3.2 H 


4.8 H 


9.5 H 


16 H 


2000 


4.3 H 


6.4 H 


13 


H 


21 H 


3000 


6.4 H 


9.5 H 


19 


H 


32 H 


4000 


8.5 


H 


13 


H 


26 


H 


42 H 


5000 


11 


H 


16 


H 


32 


H 


53 H 


7500 


16 


H 


24 


H 


48 


H 


80 H 


10 000 


21 


H 


32 


H 


64 


H 


110 H 


15 000 


32 


H 


48 


H 


95 


H 


160 H 


20 000 


43 


H 


64 


H 


130 


H 


210 H 


50 000 


110 


H 


160 


H 


320 


H 


530 H 



where R A is approximately equal to the load resistance R L in parallel with the effective 
plate resistance of the valve ; however see comments below. When the plate re- 
sistance is very high, as for a pentode without feedback, R A may be taken as being 
approximately equal to R L . 

For loss in bass response to be reduced to 0.5 decibel these inductance values should 
be increased by a factor of 1 .9 times. For a reduction of 2 db the factor becomes 0.67. 

Since the permeability of the core material varies with induction, the frequency 
response will vary with signal level — the limiting low frequency will usually extend 
lower as the signal level is increased. It is therefore desirable that the inductance 
values tabulated above be calculated or measured at low signal levels. In the case 
of feedback from the secondary, this effect should be taken into account. 

Table 2 gives the value of inductance to provide a nearly constant output voltage, 
but this is only one of several requirements to be satisfied. The core distortion 
is a function of the ratio u>L /R A (this may be derived from equations 9 and 10) and 
for low distortion a high ratio of inductive reactance to R A is required, and this is 
equivalent to having a low value of bass attenuation (see Table 1). The bass attenua- 
tion in Table 2 (1 db at specified minimum frequencies) is based on <oL /R A = 1.94, 
resulting in fairly low core distortion. Still lower core distortion would be achieved 
by increasing the inductance and hence, incidentally, decreasing the bass attenuation. 

The other important secondary effect resulting from a finite value of inductance 
is the phase angle of the load presented to the output valve(s). If the value of 
inductance from Table 2 is used for bass response down 1 db at a specified frequency, 
the phase angle of the load presented to the output valves will be between 45° and 90° 
for a triode either without feedback or with negative voltage feedback. This will 
cause a pronounced elliptical load-line, normally resulting in severe valve distortion 
at this frequency, at full power output. 

If R A in Table 2 is taken as being equal to R L , the maximum phase angle of the load 
will be less than 28° for bass response 1 db down at the specified frequencies. If 
the factor 0.67, for bass response down 2 db, is applied to Table 2, the maximum 
phase angle of the load will be less than 38°. If the factor 2.0, for bass response 
down about 0.5 db, is applied to Table 2, the maximum phase angle of the load will 
be about 15°. This appears to be a reasonable value for good fidelity. 

Table 2 may therefore be used as a general guide to the choice of inductance values 
where more exact calculations are not required — see below. 

Summary of general application of Table 2 

To give low core distortion, nearly constant output voltage and a total load im- 
pedance effective on the valve which is not too reactive : — 

1. Take R A = R L . 

2. Apply Table 2 as printed for ordinary use. 

3. Multiply inductance values by a factor of 2 for good fidelity. 

4. The specified frequencies in Table 2 are to be interpreted as the minimum 
frequencies of operation for the transformer. 
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Where the source impedance is high, the high frequency fall off is determined 
largely by L s and the winding capacitances as in the case of interstage transformers. 

Similar devices to that employed in the construction of interstage transformers can 
be used to extend the range of output transformers. The use of RADIOMETAL, 
specially annealed high silicon content steel (such as SUPERSILCOR), and grain 
oriented steels, are all common in better quality output transformers (Refs. CI 4, 15). 

It is feasible to " build-out " a transformer into a half section filter and thus main- 
tain the impedance, viewed either by the source or the load, constant over a wide 
frequency range. In addition the phase angle variation is reduced towards the ex- 
tremes of the range. This reduces distortion and maintains full power output to a 
greater degree than otherwise possible. 

This idea can be applied to interstage transformers and output transformers quite 
successfully (Refs. C19, C20). Even large modulation transformers and class B 
driver transformers for broadcast equipment have provided improved performance 
when treated in this way (Refs. C16, 17, 18). 

In radio receivers and record players advantage can be taken of this " building- 
out " procedure, to limit the high frequency response to any given point, say 6000 c/s, 
with rapid attenuation thereafter. This usually involves only one extra component ; 
a condenser across the secondary winding of the output transformer. This is quite 
an effective " top " limit, more so than the normal tone control. The output trans- 
former is designed to have the necessary amount of leakage inductance for the net- 
work to function as intended. 

The winding resistances are not of major importance in interstage transformers, 
but assume greater significance in output transformers. An appreciable amount of 
power may be lost unless the resistances of both primary and secondary are kept to 
reasonable proportions. In the normal good quality transformer the total resistance 
reflected into the primary side is approximately double the measured d.c. resistance 
of the primary. The total winding resistance (referred to the primary) will vary be- 
tween 10 and 20 per cent of the load resistance, which means an insertion copper loss 
of 0.5 to 1 db. This extra resistance must be considered when choosing the turns 
ratio to reflect the correct load (see Eqn. 2, Sect. 2), otherwise an impedance error 
of 10 to 20 percent will occur. Core losses will not materially affect the calculation 
as these losses do not reach their maximum except at full power at the lowest audio 
frequency of interest. 

Distortion in output transformers 

When a transformer has its primary connected to an audio frequency source of 
zero impedance, the waveform of the voltage on the secondary will be the same as 
that of the source — in other words there is no distortion. 

When a transformer is connected in the plate circuit of a valve, the latter is equiva- 
lent to a resistance r „ in series with the source and the transformer primary. If the 
secondary of the transformer is also loaded by a resistance R 2 , this is equivalent (as 
regards its effect on distortion) to a total primary series resistance R, 

1 1_ 1 

Where R ~ r v + RlNJN 2 y 

N x = primary turns 
and N z = secondary turns. 

In the following treatment the symbol R is used to indicate the total effective primary 
series resistance, whether it is caused by r v alone or by a combination of this and 
secondary loading. 

The resistance R in series with the primary causes a voltage drop proportional to 
the current flowing through it, which is the magnetizing current. Now the form of 
the magnetizing current is far from being sine-wave, since it is distorted by the non- 
linear B-H characteristic of the core material. 

This distorted current waveform has no bad effect when R is zero, but results in 
distortion of the voltage waveform which becomes progressively greater as R is in- 
creased, for any one fixed value of B max - 
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The resulting harmonic distortion with silicon steel has been calculated by Dr. N. 
Partridge, and his results are embodied in the formula which follows (Refs. C24, C25 
C26, C27). ' 



V f H 8n* ' N'A f \ \Z f J 



This formula can be modified to include the core stacking factor, 90% 
inch units instead of centimetres. It then becomes 
V h 5.54S H IR 

where V h 



^11 L1ULL t UL t O • 



N'Af 
= the harmonic voltage appearing across the primary, 
= the fundamental voltage across the primary. 



(8) 
and to use 

(9) 



and 



S H — the distortion coefficient of the magnetic material, 

/ = the length of the magnetic path, 
N = number of primary turns, 
R A = resistance (or equivalent resistance) in series with the primary, (refer 
under eqn. 4, Sect. 3), 
A = cross-sectional area of core, 
/ = frequency of fundamental in cycles per second, 
Z f = impedance of primary at fundamental frequency s^ 2-nfL 
L = inductance of primary in henrys at chosen flux density. 



RJAZf) can be omitted with a further simpli- 



In most cases the final term (1 
fication. 

The right hand side of this equation gives the value of the fractional harmonic dis- 
tortion ; the percentage harmonic distortion may be obtained by multiplying this 
value by 100. The formula holds only for values of R/Z f between and 1 ; this 

limitC it-C Onnll/VittAn 4-<-k AtiMnf /*!«/nii4-o Unv*««-k<-» r» *•»-» -.-«*-*% -.-.-**-. «■#-«-£»— ,,„j~!--_ _.£■ "2 Jk 
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10 20 30 xl0 > 40 SO 60 70 

Peak Flux Density (lines per iq. in) FIG. 5.I3C 

Fig. 5.13C. The distortion coefficient of Silcor 2 as a function of B (Ref. C25). 

Values of S H for Silcor 2 can be obtained from Fig. 5.13C. Similarly Fig. 5.13D 
can be used to determine the permeability of Silcor 2 and hence the inductance of the 
primary from the formula 



2.88N 2 Atx 

= — io*i — henr y s 

where n = permeability at operating flux density 
and core stacking factor is 90%. 



(10) 
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10 
FIG. 5.I3D 



Peak Flux Density (lint* P* 1- H- '"•) 



%. 5.13D. Variation of permeability with B at 50 c/5 o/ 5i7cor 2 laminations, 
0.014 i». fto'dfe (Ref. C25). ' 

Both of these figures have been adapted from those published by Partridge (Ref 
C25). 

An example is quoted to demonstrate the use of these formulae. 
Determine the transformer distortion produced when a pair of KT66 valves (very 
similar to type 6L6-G) connected as triodes are operated in conjunction with a trans- 
former having the following characteristics. 
Lowest frequency of operation 
Maximum flux density 
Core stack of M.E.A. 78 Pattern lams. 
(Refer to Sect. 5 and also Fig. 5.18C for lamination data). 
Operating conditions of KT66 valves 
Plate voltage 

Plate resistance (per valve) 
Load resistance (total) 
Power output 
1st step. Calculate primary voltage 

E = VWR = Vl4 X 10 000 = 374 V. 
2nd step. Calculate primary turns 
E x 10 8 
= 4 x fBA ( aUowin S 90 % core stacking factor) 

374 x 10 8 

= 4 x 50 x 4 x 10* x 1.25 x 2 = 1870 turns ' 
3rd step. Determine n from Fig. 5.13D 

p = 4300. 
4th step. Calculate Z f {ph 2-nfL) 
_ 2tt / 2.88 N*A n 

Zi ~ ion 

2 x 7T x 50 x 2.88 x 1.87 x 1.87 x 10 6 x 1.25 x 2 x 4300 



50 c/s. 

40 000 lines/sq. in. 

2 ins. 



400 volts 
1450 ohms 
10 000 ohms 
14 watts 



10 8 x 7.5 
= 45 300 ohms. 
5th step. Calculate R A (parallel resistance of plate and load resistance). 
\? v ~\~ R iv j R i 
R A = — ■ g ■ p - (see eqn. 4, Sect. 3) 

assuming R w = 400 ohms 
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(2900 + 400) 10 000 
then R A = = 2480 ohms. 

6th step. Calculate 1 - (R A /4Z f ) 

1 - (R A /4Z f ) = 1 . - (2480/4 x 45 300) = 0.986. 
Thus this factor can be neglected without serious error. 
7th step. Determine S H from Fig. 5.13C 

Stf = 60. 
8th step. Calculate fractional distortion 

V h 5.54 SJR. 5.54 x 60 x 7.5 x 2480 



J H' 



V f N 2 Af 1.87 X 1.87 x 10 6 X 2.5 X 50 

= .014. 

Thus percentage distortion is .014 X 100 or 1.4%. 

Note : High fidelity output transformers may be designed with distortion less than 
0.05% at maximum power output at 50 c/s. 

The value of the distortion coefficient S H is constant for any given material opera- 
ting at any one value of B max . The value of S H will be different for each harmonic, 
but its value for the third harmonic (S s ) is very close to ther.m.s. sum of all harmonics 
(Srms) when there is no direct current component. 

It will be noticed that the curve in Fig. 5.12 reaches a minimum at about B max — 
10 000 lines/sq. in., and that the distortion coefficient rises at both lower and higher 
values of B ma x , although the lower rise is only slight. Actually the lower part of the 
curve (below the knee) drops away rapidly and eventually reaches zero at B maz = 0. 
Some alloy core materials have appreciable values of the distortion coefficient even 
when approaching B mafi = (Ref. C9). 

When there is a direct polarizing field, even as well as odd harmonic distortion are 
both evident. Under these conditions, below 65 000 lines/sq. in., the r.m.s. sum of 
the second and third harmonic currents «S 2 + 3 approximates to the r.m.s. sum of all 
the harmonic currents. 

It will be seen from this analysis that it is desirable to use a low impedance source, 
(e.g., triodes), and a high inductance primary for best results at low frequencies. 

Distortion at high frequencies 

At high frequencies distortion is produced, apart from normal valve distortion 
due to non-linearity of characteristics, by the leakage inductance and winding capacit- 
ances which change the magnitude and phase angle of the load impedance. 

The load on the secondary, if a loudspeaker, also complicates this trouble. Here 
again, a low impedance source is desirable ; a high impedance source will accentuate 
the distortion due to this effect. With Class B amplifiers, it is essential that the leak- 
age inductance between each half of the primary be as small as possible, otherwise 
there will not be proper cancellation of even order harmonics, and higher order har- 
monics will be generated (Ref. C23). A static shield between primary and secondary 
will prevent any stray even harmonics being fed into the secondary by capacitive 
coupling. This shield will alter the winding capacitances and increase the leakage 
inductance, hence it must be employed judiciously. 

In Class B output transformers, high leakage inductance and winding capacitances 
cause distortion and decrease in power output. To a considerable degree, these 
remarks on distortion at high frequencies also apply to Class AB transformers. 

(iv) Designing for low leakage inductance* 

Assuming that the turns and winding dimensions are kept constant, leakage in- 
ductance can be progressively reduced by interleaving the winding structure until 
the limit is reached when 

a/3N 2 <c (11) 

where a = total thickness of all winding sections 

N = number of leakage flux areas 
and c = thickness of each insulation section. 

♦This treatment follows Crowhurst, N. H. (Ref. C28). 



218 



(iv) DESIGNING FOR LOW LEAKAGE INDUCTANCE 



5 3 



From eqn. (11) it will be seen that the insulation between the sections is the limiting 
factor. Fig. 5.13E shows that the largest value of N 2 for a given number of sections 
is achieved when there is a half section at the end of each winding structure. Al- 
though series connections are shown, similar results can be obtained by paralleling 
the sections. In this case all the turns in each paralleled section must be equal. An 

example of the use of Fig. 5.13H to 
determine leakage inductance follows : 
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FIG. 5. I3E 

Fig. 5.13E. Table of winding arrangements 
(Ref. C28). 



A push-pull output transformer is 
to be wound on a former 1.875 inches 
long and have a winding height of 0.4 
inch, allowing for clearance. The 
mean length of turn is 9.5 inches. The 
primary and secondary turns are 2700 
and 120 respectively. Insulation be- 
tween layers is 0.015 inch. Assuming 
the seventh winding arrangement in 
left hand column of Fig. 5.13E, it is 
required to determine the leakage 
inductance between the whole primary 
and secondary. The total primary 
winding height is 0.24 inch and the 
total secondary winding height is 
0.16 inch. 



a = 0.4 inch. 



N* = 16. 



Referring to Fig. 5.13H, intercepts 
of a and N 2 give 0.008. 

Adding c = 0.015 gives 0.023. 




WINDING CROSS SECTION 

FIG.S. I3F 

Fig. 5.13F. Dimensions used in 
chart (Fig. 5.13H). 



FIG. S. I3G 



Fig. 5.13G. Showing use of chart 
(Fig. 5.13H). 
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LEAKAGE INDUCTANCE 
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FIG. 5.I3H 



Fig. 5.13H. Leakage inductance chart {Ref. C28). 



Intercepts with the mean length of turn, 9.5 inches and winding width, b, of 1.875 
inches gives a vertical of 0.012. 

Assuming 270 turns, leakage inductance = 0.14 millihenry, or 14 millihenrys for 
2700 turns. 

(v) Winding capacitance* 

This information assists in computing the various winding capacitances of multi- 
layer windings used in the construction of audio-frequency transformers, chokes and 
other equipment. They apply to windings in which turns are wound on layer by 
layer, either interleaved or random wound, so that the P.D. between adjacent turns 
belonging to consecutive layers will be much greater than that between adjacent turns 

*Reprint of an article by Crowhurst, N. H., in Electronic Eng. (Ref. C29). 
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in the same layer. The capacitance effect between adjacent turns in the same layer 
is neglected, only that between layers being considered. Capacitance between wind- 
ing and core, and electrostatic screens, if used, must also receive attention. 

Fig. 5.13J illustrates a cross section of a piece of winding in which layer inter- 
leaving is used. It is seen that the dielectric between adjacent conductors in consecu- 
tive layers is complex both in shape and material. The turns on the top layer shown 
fall so that each turn drops in the space between two turns on the second layer, corru- 
gating the interleaving material with a slight resulting increase in capacitance com- 
pared with that between the middle and bottom layers shown. Due to the spiral 
form of each layer, the position of turns in consecutive layers to one another will 
change at different points round the direction of winding, thus the capacitance be- 
tween any pair of layers will automatically take up the average value. The composite 
dielectric is made up of conductor insulation, most commonly enamel, interleaving 
material and the triangular shaped spaces left between adjacent turns and the inter- 
leaving material. These spaces will be filled with dry air if the windings are dried 
out and hermetically sealed, or with impregnating compound if the windings are 
vacuum impregnated. The latter procedure will give rise to a somewhat higher 
capacitance. 



Copper Conductor! Enamel 




-*H dx k« X — »-| 




Layer Interleaving FIG. 5 . 1 3 J FIG . S . 13 K 

Fig. 5.13J. Section through layer Fig. 5.13K. Effective capacitance 

interleaved winding (Ref. C29). of a pair of layers (Ref. C29). 

In practice the major controlling factor determining the total capacitance between 
two adjacent layers of winding is the thickness of the interleaving material, thus dis- 
tributed capacitance may conveniently be estimated in terms of the thickness of inter- 
leaving material, giving this material a value of dielectric constant empirically ob- 
tained, allowing for the average effect of the other dielectrics in the composite arrange- 
ment. 

Effective layer to layer capacitance 

Take a winding having only two adjacent layers, its turns distributed uniformly 
throughout the two layers as shown in section at Fig. 5.13K. Consider an element 
dx at a distance x from the end of the winding where the conductor steps up from one 
layer to the other. In the complete winding the elemental capacitance due to the 
section dx will be transformed so that it can be represented as an equivalent value 
across the whole winding. If the length of the whole layer is / and the capacitance 
per unit layer length C, then the effective capacitance of the element referred to the 
whole winding will be (x/l) 2 C.dx. The capacitance due to the whole winding will be 

•1 



J. 



(x/iyc.dx = - i.e. 
o 3 



Thus the effective capacitance of such a two-layer winding is one-third of the capacit- 
ance between two layers measured when their far ends are unconnected. 

Take now a winding consisting of n whole layers : there will be (n — 1) adjacent 
pairs of layers throughout the winding and the effective capacitance of each pair of 
layers, referred to the whole winding, will be a capacitance of (2/n) 2 times their capacit- 
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ance referred to the high potential ena and considered as a pair. Thus the capacit- 
ance of n whole layers referred to the whole winding becomes 

4 (« - 1) 

3' n 2 



CI 



For large values of n the capacitance becomes inversely proportional to the number 
of layers. Fig. 5.13Q illustrates a typical winding shape together with the dimensions 
as used in the related diagrams. The capacitance per layer, given in the foregoing 
formula as CI, is proportional to the product of the length per mean turn L mt , and the 
length of layer L w . 

Vertical sectionalizing 

It is sometimes of advantage to sectionalize the winding as shown at Fig. 5.13L, 
each vertical space being filled completely before proceeding to fill the next one. 




Fig. 5.13L. Sectionalizing to 
reduce capacitance (Ref. C29). 



Although physically the winding will have the same overall cross-sectional dimensions 
its self-capacitance will be equivalent to that of a winding having 1/N X layer length 

capacitance of the winding due to such sectionalizing thus is reduced by the factor 
1/N*. Note that this rule applies only to referred interlayer capacitance and does not 
apply to capacitance between the top and bottom of the winding and adjacent wind- 
ings or screens. The various reduction factors for vertical sectionalizing are given 
in Table 4. 

TABLE 4 







Winding to screen capacitance arrangement as 


Number of 


Distributed 




Figure 5.13M 




vertical 


capacitance 














sections 


component 


(a) One side 


(a) Centre point 


(b) One side 






earthy 


earthy 


earthy 


1 


1 


1 


0.5 





2 


0.25 


0.75 


0.25 


0.125 


3 


0.111 


0.704 


0.185 


0.185 


4 


0.0625 


0.6875 


0.1875 


0.219 


5 


0.04 


0.68 


0.168 


0.24 


6 


0.0278 


0.676 


0.176 


0.255 


00 


0* 


0.667 


0.167 


0.333 



The method of winding is here changed so that for the purposes of this column, 
the dimensions L„ and T w will change places. 

Effect of mixing windings 

In the design of a transformer it is often necessary to mix the primary and secondary 
windings in order to reduce leakage inductance. This arrangement will generally 
be a disadvantage as regards minimising winding capacitance, since it exposes greater 
surface area of winding in proximity to either the other winding or an earthed screen. 
If the ratio of the transformer is fairly high, then from the high impedance winding 
the whole of the low impedance winding appears at common audio potential, usually 
earthy. But if the ratio of the transformer is not very high, capacitance between 



222 



(v) WINDING CAPACITANCE 



5.3 



points at differing audio potentials in the two windings may have serious effects, and 
it is generally best to arrange the windings so as to avoid such capacitance. 

Fig. 5.13N shows a cross-section suitable for an inter-valve transformer designed 
to operate two valves in push-pull from a single valve on the primary side. The H.T. 
end of the primary is earthy and is therefore diagrammatically earthed. The high 
potential end of the primary is adjacent to the earthy end of one of the half secondaries 
so that the capacitance between windings at this point is effectively from anode to 
earth. The two high potential ends of the secondary are remote from the primary 
and so minimize the possibility of unbalanced capacitance transfer from primary to 
one half secondary. 



(°) 



to 



LOJ 



u 



/ / 



Half Secondary 



Primary 



Half Secondary 



Fig. 5.13M. Arrangements using vertical sectionalizing. See Table 1 (Ref. C29). 
Fig. 5.13N. Push-pull secondary intervalve transformer secondary arrangements 

(Ref. C29). 

Another problem which often arises is in the design of push-pull output trans- 
formers, particularly for Class AB or Class B circuits, where it is essential that each 
half of the primary be well coupled to the whole secondary. From the viewpoint 
of leakage inductance and winding resistance, it is unimportant whether the secondary 
sections are connected in series or parallel. Fig. 5.13P illustrates three arrangements 
for a transformer of this type, each of which may be best suited under different cir- 
cumstances. At (a) is an arrangement which gives minimum primary capacitance, 
but suffers from the defect that leakage inductance and winding resistance are unequal 
for the two primary halves. For Class A operation using valves requiring an optimum 
load of high impedance this arrangement is sometimes the best. At (b) is an arrange- 
ment intended to equalize winding resistance and leakage inductance from each half- 
primary to the whole secondary as well as primary self-capacitance. This arrange- 
ment is particularly suited to circuits employing low loading Class AB or Class B 
operation. The alternative arrangement shown at (c) results in a slightly lower re- 
ferred capacitance across one half only of the primary. In general this unbalance is 
not desirable, but if leakage inductance is adequately low, the coupling between all 
the windings may be so good that the reduction in capacitance may be apparent across 
the whole primary. 
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FIG. 5.I3P 



Fig. 5.13P. Arrangements for push-pull output transformer (Ref. C29). 
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WINDING 
I SCREEN 
ARRANGEMENT 
I CONNECTION 



CAPACITANCE 
FACTOR 



One 
side 

eorthy 



Centre 
point 
cor thy 



WINDING 

t SCREEN 

ARRANGEMENT 

t CONNECTION 



CAPACITANCE 
FACTOR 



One 
side 

earthy 
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earthy 
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Table 5 gives a pictorial representation of various ways in which high impedance 
windings may be arranged in relation to earthy points shown as screens. The table 
is equally applicable if these points are earthy low impedance windings. The capacit- 
ance factors for alternative connexions of 
the windings, with either one side or the 
centre point at earth potential, are given 
relative to the average capacitance between 
one end layer of the winding and one 
screen. The two arrangements marked 
with an asterisk indicate that it is neces- 
sary to reverse the direction of winding in 
order to achieve the capacitance factor 
shown. 

Random, winding 

In what is known as random winding, no 
interleaving material is used. For ideal 



Fig. 5.13Q. Dimensions used in 
figures 5.13R, 5.13S, 5.13T, 5.13U 
fig. s.i3Q (Ref. C29). 
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DIELECTRIC THICKNESS T4 MILS NUMBER OF LAYERS 
2 3 4 6 6 10 203020 K> B 6 4 2 



REF. LINE 




2 3 4 6 8 10 20-04 O6-06-I 
LENGTH OF MEAN TURN Lmt INCHES 

Turnip \WiiM\u \wh\fM 



2 -3 

SECTION 



•6 -8 I 
FACTOR 



DIELECTRIC CONSTANT K 



5 6 7 B 9 I 
TURNS FACTOR 



FIG. 5.I3R 



Fig. 5.13R and 5.13S. For distributed capacitance due to layer winding (Ref. C29). 
Refer length of winding L w , on their respective scales, to intercept at A then along the 
horizontal reference lines to intercept with the thickness of dielectric material Ta, 
at B. From this point refer along the slanting reference lines to intercept with the 
empirically determined value of dielectric constant k, at C, then along the horizontal 
reference lines to the unity reference vertical at D. From this point refer down the 
slanting reference lines to intercept with the number of layers n> at E, whence the 
referred capacitance is read off on the scale at the right. 

For interwinding, or winding to screen capacitance : As above, for the winding 
dimensions and dielectric thickness to a point corresponding to D, whence, for winding 

to screen capacitance, or inter- 
winding capacitance when the 
other winding is all at low poten- 
tial, refer down the slanting re- 
ference lines to intercept with the 
section capacitance factor ob- 
tained from Table 4. For inter- 
winding capacitance where there 
is appreciable potential in the 
adjacent portions of both wind- 
ings, individual attention will 
be necessary for each interwinding 
space, and the turns factor scale 
will assist here. 
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random winding the layers should be built up so that at all times during winding the 
top surface is level. Failure to do this will not greatly affect the self-capacitance, 
but will result in increased danger of breakdown due to electrical or mechanical 
stresses. As the number of layers is always large, it is convenient to reduce the cal- 
culation to simple terms of the winding dimensions. 

The. essential variables are : length of winding L m length of mean turn L mt , 
winding thickness T w (see Fig. 5. 13Q), and number of turns, T. Considering variation 
of each of these quantities in turn, the others being taken as constant : variation 
of L m will vary the referred capacitance per layer as before, and additionally the 
effective number of layers will vary inversely as L w * ; variation of L mt simply varies the 



LENGTH OF MEAN TURN L m t INCHES TURNS 




•02 -03 -04 -06 -08 <M 0-2 0-3 0-4 0« Oti I 

WINDING THICKNESS T„ INCHES 

FIG. S.I3T 




Fig. 5.13T and 5.13U (Ref. C29). 
For distributed capacitance due to 
random winding. Refer length of wind- 
ing L„3 and length of mean turn L mi) 
on their respective scales, to intercept at 
A then along the horizontal reference 
lines to intercept with the vertical line 
for thickness of winding T K , at B. 
From here refer up the slanting reference 
lines to the right-hand edge of the data 
sheet, and then back along the horizontal 
lines to intercept with the vertical 
lines for the number of turns at C 
from which referred capacitance is read 
off along the slanting lines at C„. 
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layer size, as before ; variation of both T w and T varies the number of layers in direct 
proportion to T w i or T. Thus the whole expression for variation of capacitance can 
be written, 

T T 3/2 
Cj, OC j, i j,j 

Figures 5^1 3T and 5.13U are based on this relation and empirical values obtained 
from average results with random windings. 
Example 1 

A push-pull output transformer is arranged as at Fig. 5.13N : primary winding 
has a total of 12 layers, T d — 3, k = 2 : insulation between primary and screen, 
T d — 15, k = 5 ; main dimensions, L w = 2 in., L mt — 8 in. 

Distributed capacitance, using Figs. 5.13R and 5.13S, L„ = 2 in., L mt = 8 in., 
T d = 3, k=2 and n = 12, is C v = 240 /x/xF. 

Capacitance from each primary to screen, substituting T d = 15, k = 5, is C p = 
1200 fipF. The capacitance factors for the arrangement of Fig. 5.13N are : (a) 0.25 ; 
(b) 0.5 ; (c) 0.375. Thus the total capacitance referred to the whole primary for each 
method of connexion is, 

(a) 300 nfiF + 240 xijuF = 540 xxiiF. 

(b) 600 nnF + 240 fifiF = 840 /xixF. 

(c) 450 fifiF + 240 puF = 690 /x/uF. 
Example 2 

An intervalve transformer, to operate from push-pull to push-pull, uses a simple 
arrangement having both windings all in one section : L w = 0.6 in, L nt = 2.5 in, 
T w (each winding) =0.1 in. ; insulation between windings, T a , k = 3 ; Turns, 
4000 c.t./12 000 c.t. 

Distributed capacitance, using Figs. 5.13T and 13U L v — 0.6 in., L ml = 2.5 in., 
T w = 0.1 in., T (primary) = 4 000, is C„ = 58 /x/xF. For secondary, T = 12 000, 
C„ = 34 /x/xF. 

Capacitance coupling between one-half primary and one-half secondary, using 
Figs. 5.13R and 13S, actual capacitance, L K = 0.6 in., L m , = 2.5 in., T d = 10, 
k = 3, is C„ = 100 itxiF. Both windings wound in same direction, turns factor 
across this capacitance referred to whole primary is & + 1£ = 2, so referred capacit- 
ance is 400 jx^F. Windings wound opposite directions, turns factor referred to 
primary is 1£ — £ = 1, so referred capacitance is reduced to 100 xt/xF. Referring 
these two values to secondary, turns factors are 1/2 + 1/6 = 2/3 or 1/2 — 1/6 = 
1/3, giving capacitance values referred to whole secondary of 45 /xixF or 11 /xxiF 
respectively. 

A complete analysis would need to consider leakage inductance between each prim- 
ary and each half secondary, and separate source and load impedances applied to each 
half. For this purpose, the primary and secondary shunt capacitances across each 
half would be 116/x/xF and 68 /x/xF respectively, while the capacitance coupling would 
be 1,600 xiitF or 400 /x/xF referred to half primary. The secondary shunt capacit- 
ances referred to the half primaries would be 610 /x/xF. 
Example 3 

A direct coupled inter-valve transformer is arranged as at Fig. 5.13M : L w = 1.5 
in., L mt = 6 in., T d = 20, k = 1 (air spaced) ; T v (each whole winding) = 0.2 in. ; 
Turns 4 000/12 000 c.t. 

Distributed capacitance, using Figures 5.1 3T and5.13U, L w = 1.5 in., L mt = 6 in., 
T w = 0.2 in., T (primary) = 4 000, gives C„ = 400 /x/xF. Secondary, T = 12 000 
gives C v = 225 /x/xF (or 450 ii/xF per half secondary). 

Interwinding capacitance, using Figs. 5.13R and 5.13S, actual capacitance, L a = 
1.5 in., L mt = 6 in., T d = 20, k = 1, give RC„ just over 90 /xxtF say 100 /x/xF. 

Vertical sectionalizing will reduce the distributed component in each case, but 
will also vary the interwinding capacitance. Using the information in Table 4 the 
results may be presented as in Table 6. 

In practice three sections for the primary and four or five sections for each half- 
secondary will be best, remembering capacitance reduction is more important in the 
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secondary. By making the earthy end of primary and secondary at opposite ends of 
the vertical groups, interwinding capacitance coupling effects are minimized. 

TABLE 6 



Number 

of vertical 

sections 


Primary capacitance 


Half secondary capacitance 


Dis- 
tributed 


Inter- 
winding 


Total 


Dis- 
tributed 


Inter- 
winding 


Total 


1 
2 
3 
4 
5 
6 


400 

100 

44.4 

25 

16 


100 

75 

70.4 

69 

68 


500 

175 

115 

94 

84 


450 

112.5 

50 

28 

18 

12.5 


12.5 

18.5 

22 

24 

25.5 


450 

125 

68.5 

50 

42 

38 



(vi) Tests on output transformers 

Summary of R.M.A. Standard SE-106A (Sound systems) 

The distortion shall be measured with a zero-impedance source of voltage in 
series with a pure resistance R TG of value 0.4 (±5%) times the square of the standard 
distribution voltage, V TR> from which the tap is designed to work, divided by the 
manufacturer's rating, W TR , for the power drawn by that tap at that distribution 
voltage : 

R TG = (°- 4 V Tr"( W TR^ 1 ± °- 05 )- 

Measurements shall be made at the lowest frequency of the rated frequency response 
or 100 c/s, whichever is the higher ; at 400 c/s and at 5000 c/s if within the rated 
frequency response. 

The power-handling capacity of a speaker matching transformer is the maximum 
r.m.s. power drawn by the transformer at which the specified distortion (which shall 
be not more than 2%) is not exceeded. The power drawn by the transformer, W T3 
shall be determined by dividing the square of the actual voltage measured across the 
primary terminals, V TP , by the square of the standard distribution line voltage, V TR , 
from which the primary tap is designed to work, and multiplying this quotient by the 
manufacturer's rating for the power, W TR) drawn by that tap at that distribution 
voltage : 

w T = w TR (v TP /v TR y 

The rating shall be determined as follows : The power at the stated distortion at 
100 c/s shall be multiplied by 2. This figure shall be compared with the other meas- 
urements made at the other test frequencies, and the lowest power figure shall be taken 
as the power-handling capacity. In case the transformer is provided with more than 
one primary tap, the rating shall be given for the tap drawing the highest power at 
the rated distribution voltage. If there is more than one secondary tap, the power 
rating shall be given for the tap with the lowest measured power rating when properly 
terminated. 

If the transformer is to be used in a system employing emphasized bass, a trans- 
former must be chosen which has a rating higher than the nominal power to be handled 
in proportion to the bass emphasis employed. Likewise, transformers to handle 
organ music must have a rating at least four times the nominal power to be handled. 

The frequency response of a speaker matching transformer is the variation of 
output voltage as a function of frequency, with a constant source voltage in series 
with a known impedance connected to the primary, expressed as a variation in db 
relative to the output voltage at 400 c/s. 

For measurement, the transformer shall be connected as for distortion measurement 
(see above). The frequency response shall be measured using a constant source volt- 
age, which will deliver one-half rated input power, W TRy to the transformer at 400 c/s 
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The loss of a speaker matching transformer is the inverse ratio of the power 
delivered by the secondary of the transformer to a pure resistance equivalent to the 
rated load impedance, to the power delivered by the same source if the transformer is 
replaced by an ideal transformer of the same impedance ratio, expressed in db. For 
measurement, the transformer shall be connected as for distortion measurement (see 
above). 

The impedance presented by the ideal transformer to the source shall be taken as 

°ji = *tr i^tr- 

The power delivered to the secondary load is (V TS 2 /R TI ) where V TS is the voltage 



across the load resistance R 



TV 



The power delivered to the ideal transformer is (V T1 2 /R T1 ) where V T1 is the voltage 



across the load resistance R 
The loss is given then by 
V T1 */R T 

LOSS = 10 log 10 ; 



ri- 



Vts 2 /Rtl 

The loss shall be measured at 400 c/s and at a value of source voltage at which rated 
power is delivered to the ideal transformer. The loss shall not exceed 2 db (equival- 
ent to 63% minimum efficiency). 

(vii) Specifications for a-f transformers 

The following details are suggested for forming part of a specification for a trans- 
former. See also Ref. C32. 

In all cases, it is desirable to submit a circuit showing the transformer application 
when writing a specification. 

(1) Input transformers 

(a) Operating level ; this should be quoted in db above or below specified refer- 
ence level, usually 1 milliwatt. 

(b) Frequency response with permissible variation in db from a reference fre- 
quency, generally 1000 c/s. 

Conditions of measurement must be specified — usually normal operating 
conditions. 

(c) Impedance ratio or turns ratio. 

(d) Positions of any taps should be stated. 

(e) Source and source impedance. 

(f) Load and load impedance. This may be the grid of a following amplifier 
valve. The secondary winding may also be shunted by a frequency-correcting 
network ; if so, full details should be given. 

(g) Total r.m.s. harmonic distortion ; this should be measured at max. output 
at the lowest frequency of interest. 

(h) Minimum resonant frequency. 

(i) Insertion loss in db — frequently quoted at 400 c/s. 

(j) Permissible phase characteristics at lowest and highest frequencies of interest. 

(k) Direct currents in windings. 

(1) Magnetic and electrostatic shielding. 

(2) Interstage transformers 

In general, as for input transformers, with the addition that the type of valves used 
in the preceding stage, together with their operating conditions, should be specified. 
Where push-pull input is intended, the maximum out-of-balance current should be 
stated. 

(3) Output transformers 

As (2) above. Where multiple secondary windings are employed the power to be 
delivered to each should be stated. 
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SECTION 4 : MAGNETIC CIRCUIT THEORY 

(:') Fundamental magnetic relationships (it) The magnetic circuit (Hi) Magnetic 
units and conversion factors. 

(i) Fundamental magnetic relationships 

Just as we have an electrical circuit, so the core of a transformer can be regarded as 
a magnetic circuit through which a flux passes, its value depending on the magneto- 
motive force producing it and on the nature of the magnetic circuit. These are 
related by an equation resembling Ohm's Law for electrical circuits : 

F = <f>R or <j> = F/R or R = F/<f> (1) 

where F = magnetomotive force (m.m.f.) in gilberts (c.g.s. electromagnetic units) 
analogous to electromotive force (e.m.f.) in electrical circuits, 
$ = total flux == the total number of lines of flux (or maxwells ; 1 maxwell = 

1 line of flux), 
R = reluctance (equivalent to resistance in electrical circuits). The c.g.s. 
electromagnetic unit of reluctance is the reluctance of 1 cubic centimetre 
of vacuum, which is very closely that of 1 cubic centimetre of air. 
Reluctances are combined in series or parallel like resistances ; when in 
series they are added. 



AIR GAP 




TURNS 



Fig. 5.14. Typical magnetic circuit 
with iron core and air-gap. 



'IRON 
FIG. 5-14 



FLUX=4> 



A typical magnetic circuit is shown in Fig. 5.14 where we have the greater part of 
the magnetic circuit through iron, and a short length (the air gap) through air. In 
this case the total reluctance is the sum of the reluctances of the iron-circuit and the 
air gap. The flux <f> is caused by N turns of wire carrying a current J amperes and 
producing a magnetomotive force given by 



F = (4jt/10) 2S7I «* 1.257 NI 

where F = magnetomotive force in gilberts, 

N = number of turns, 

and J = current in amperes. 



(2) 



Thus 1 ampere turn ft; 1.257 gilberts. 



(3) 
Instead of considering the total flux, it is often more convenient to speak of the 
flux density, that is the number of lines (maxwells), per square inch or per square 
centimetre (c.g.s. electromagnetic unit = 1 gauss = 1 maxwell per square centimetre). 
The symbol for flux density is B. Thus 

4> = BA (4) 

where <f> = total flux, 

B = flux density, either in lines per square inch or in gauss (maxwells per 
square centimetre), 
and A = cross sectional area of magnetic path (practically equal to the cross 
sectional area of the core in the iron section), in square inches or square 
centimetres respectively. 
The magnetizing force (also known as the magnetic potential gradient or the 
magnetic field intensity) is denned as the magnetomotive force per unit length of 
path : 
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H = F/l (5) 

where H = magnetizing force in oersteds (or gilberts/centimetre), 

F = magnetomotive force in gilberts, 
and / = length of path in centimetres. 

Alternatively, if F is expressed in ampere-turns, H may be expressed in ampere- 
turns per inch or per centimetre. 

The permeability ( /*) is defined by the relationship ; 

A* = B/H (6) 

where B = flux density in gauss (maxwells per square centimetre), 

fi = permeability*, 
and H = magnetizing force in oersteds. 
In air, H is numerically equal to the flux density (B). 

Permeability is the equivalent of conductivity in 
electrical circuits. Permeability in iron cores is not 
constant, but varies when the flux is varied. The 
relationship between B, H and n is shown by the 
" BH characteristics " of the iron, as shown for 
example in Fig. 5.15. The value of /x at any point 
is the value of B divided by the value of H at that 
point. 

For example, the permeability at point C is equal 
to OE/OD, where OE represents the flux density at 
point C, and OD represents the magnetizing force 
at point C. The permeability is therefore the slope 
of the line OC. A curve may be drawn indicating 
the value of ii for any value of H, and this curve may 
be plotted on the same graph with, of course, the 
addition of a /x scale (dashed curve in Fig. 5.15). 
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FIG.5I4 

Fig. 5.15. BH characteristics 
of a typical transformer steel. 
The dashed curve is the per- 
meability fi where ti — - B/H. 

The incremental permeability is the permeability when an alternating magnetiz- 
ing force is superimposed on a direct magnetizing force. 

The initial permeability is the permeability 
at values of H approaching zero. 

The hysteresis loop of a typical magnetic 
material is shown in Fig. 5.16. When the 
magnetizing force increases from zero (demagnet- 
ized condition) to the positive peak, the B-H 
characteristic is followed from O to A, where A 
represents the maximum (peak) values of H and 
B. As the value ofH decreases to zero and then 
increases in the opposite direction, the path 
followed is along the curve ACDE, where E is 
the negative equivalent to A, occurring half a 
cycle later than A. From E, the path followed 
is along the curve EFGAt. The area of the 
curve ACDEFGA represents power loss, known 
as hysteresis loss, in the magnetic material. 

Point C is the value of B for zero magnetizing 
force (i.e., H = 0) and it represents the residual 
magnetism ; this value of B is called the 
remanence, or remanent flux density J. 




FIG. 5-16 



Fig. 5.16. Hysteresis loop of a 
typical magnetic material. 



♦Strictly speaking, y. is measured in gauss per oersted, but it is common practice in engineering work 
to speak of die permeability as a pure number -which is the ratio between /a and Ho where tio is the 
permeability of vacuum, and has a value of unity. 

f Actually this " cyclic condition " is not reached until after a number of cycles have occurred. In 
the early cycles the position of A falls slighdy each cycle. 

JThis strictly applies only to the initial cycle ; the term residual flux density is used for symmetrical 
cyclically magnetized conditions. The latter term is also sometimes used when it is not desired to 
distinguish between the initial and cyclic conditions. 
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Point D is that at which the applied negative magnetizing force brings the value of the 
residual magnetism to zero. 

The length OC is called the coercive force (strictly this applies only for symmetrical 
cyclically magnetized conditions). 

The average permeability is the slope of the straight line EOA (shown dashed 
in Fig. 5.16). 

The locus of the extremities (A or E) of the normal hysteresis loops of a material 
is called its normal magnetization curve ; this is the same as the B-H curve of 
Fig. 5.15. 

When alternating current is passed through the winding, the iron will pass through 
the hysteresis curve ACDEFGA (Fig. 5.16) each cycle. The maximum value of if 
is called H max , and the corresponding value of B is called B ma x , the curve being norm- 
ally symmetrical in the positive and negative directions in the absence of a direct 
current component. 

When dealing with alternating currents, it is usual to quote ampere-turns per inch 
in r.m.s. values ; the corresponding values of flux density may be quoted either in 
terms of B or B max . It is obvious that H max = \^2H, but B mex is normally greater 
than \/2B. 

(ii) The magnetic circuit 

A typical magnetic circuit is shown in Fig. 5.14. Certain assumptions are gener- 
ally made for simple theoretical treatment, including — 

■ . 1. That the flux confines itself entirely to the iron over the whole length of the iron 
path (in practice there is always some leakage flux, which is more serious when there 
is an air gap). 

2. That the flux is uniformly distributed over the cross-sectional area of the iron. 

In Fig. 5.14 we therefore have : 
Total magnetomotive force F & 1.26 NI from (2) 

Total reluctance R = R ir on + Rair 

where R iron = reluctance of iron path 
and R ai r = reluctance of air path. 
Total flux $ = F/R = F/(JR iron + R air ) from (1). 
The reluctance of the air gap is given by 

Rair = F/<k = HI IB A = kl/A (7) 

where I = length of air gap, 

A = equivalent area of air gap, allowing for " fringing " 
at (a + I) (b + I) . 
and a, b = actual dimensions of pole faces. 
Values of k are given by the table below : 



H 
B 

I 

A 

k 



oersteds ampere turns/cm 

gauss gauss 

centimetres centimetres 



sq. centimetres 
1 



sq. centimetres 
0.796 



ampere turns/inch 
lines /sq. inch 
inches 

square inches 
0.313 



The reluctance of the iron path is not constant, so that the best approach is graphical. 

The magnetic potential difference (IT) is the equivalent of potential difference 
in electrical circuits. The sum of the potential differences around any magnetic 
circuit is equal to the applied magnetomotive force. 

Applying this to Fig. 5.14, 

F = U iron + U air (8) 
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where F = total magnetomotive force, 

Uiron = magnetic potential difference along the whole length of iron, 
and U ir = magnetic potential difference across the air gap. 



>ROti. 




I— »« 1 

LC MAGNETIC POTENTIAL DIFFERENCE 
>— MAGNETOMOTIVE FORCE 
FIG. 5-17 



Fig. 5.17. Total flux versus magnetic 
potential difference, with air loadline. 



This is applied in Fig. 5.17 where OM represents the applied magnetomotive 
force (F an 1.26 NI), and the curve shows the total flux (<£) plotted against F for 
iron only. The shape of the curve is the same as that of the B-H characteristic of 
Fig. 5.15, but the vertical scale <£ = Ba, and the horizontal scale F = IH. 

The " loadline " through M represents the effect of the air-gap ; it follows the 
equation 

U = F - <f>R air (9) 

and its slope is — (l/R air ). The intersection of the " loadline " and the curve at 
point P gives the operating point. Therefore ON represents the magnetic potential 
difference along the iron path, while NM represents the magnetic potential difference 
across the air gap. 

It will thus be seen that variation of the air gap merely changes the slope of the 
" loadline " PM and moves point P, without changing the base line OM. 

In order to be more generally applicable, the scales of Fig. 5.17 may be changed — 
vertical scale : from <f> to B (Note <f> = Ba) 

horizontal scale : from F to H (Note F = IH) 

from U to U/l (i.e., magnetic potential difference per inch) 
as in Fig. 5.18A. 



(iii) Magnetic units and 
conversion factors 

The basic units generally adopted 
are the c.g.s. electromagnetic units 
such as the gauss, the oersted and the 
gilbert, with the centimetre as the 
unit of length. Practical units 
such as the lines per square inch and 
ampere-turns per inch are widely 
used in engineering design. More 
recently, the Giorgi M.K.S. system, 
with its webers and webers per 
square metre, has achieved consider- 
able popularity. The full range of 
these various systems of units is 
given in Chapter 38 Sect. 1. 

The following table of conversion 
factors will be helpful in converting 
from one system to another. 



WQH 



B-H 
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Fig. 



5.18A. Flux density versus magnetizing 
force, with air loadline. 
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Magnetic Units — Conversion Factors 



Multiply 


by 


F in ampere-turns 


0.4t7 = 1.257 


F in gilberts 


l/0.4rr = 0.796 


F in pragilberts* 


0.1 


F in gilberts 


10 


F in ampere-turns 


4tt = 12.57 


F in pragilberts* 


l/4ir = 0.0796 


H in ampere-turns/in. 


0.4tt/2.54 = 0.495 


H in oersteds 


2.54/0.4* = 2.02 


H in praoersteds* 


10 - 3 


H in oersteds 


10 3 


H in ampere-turns/in. 


495 


H in praoersteds* 


0.00202 


B in maxwells/sq. in. 


1/6.45 = 0.155 


23 in gauss 

B in maxwells/sq. cm. 


j»6.45 


B in webers/sq. metre* 


* 10* 


B in gauss 


io-* 


B in maxwell/sq. in. 


10- 4 /6.45 = 0.155 x 


i? in webers/sq. metre* 


> 6.45 x 10* 


<f> in maxwells 


\io- 8 


<£ in lines of flux 


<f> in webers* 


10* 



10" 



to obtain 

F in gilberts 

F in ampere-turns 

F in gilberts 

F in pragilberts* 

F in pragilberts* 

F in ampere-turns 

H in oersteds 

H in ampere-turns/in. 

H in oersteds 

H in praoersteds* 

H in praoersteds* 

H in ampere turns/in. 

B in gauss 

B in maxwells/sq. in. 

B in gauss 

2? in webers/sq. metre* 

B in webers/sq. metre* 

B in maxwells/sq. in. 

<l> in webers* 
<£ in maxwells 



SECTION 5 : POWER TRANSFORMERS 

(*") General («) Core material and laminations (iii) Primary and secondary turns 
(tv) Currents in windings (v) Temperature rise (vi) Typical design (vii) Speci- 
fications for power transformers. 

(i) General 

The general design principles of power transformers have been dealt with in detail 
elsewhere (Refs. Dl, D2, D3, D4) but an outline is given below of the design pro- 
cedure for small power transformers for use in radio and electronic equipment. For 
transformers of this kind, efficiencies ranging from 80 to 90 per cent are common. 
The ratio of copper to iron losses is usually about 2 to 1. Winding capacitances have 
little effect on circuit operation and are usually neglected. For radio receivers it is 
common practice to provide some form of electrostatic screening between the primary 
and the other windings. This can be achieved in one of several ways (Ref. D5) : 

(a) By using a turn of shim copper or brass of full winding width between primary 
and secondary, taking care to insulate the ends to avoid a shorted turn. This shield 
is then earthed. 

(b) By winding the earthed low voltage filament between primary and secondary. 

(c) By winding the high voltage secondary in two separate halves, one on top of the 
other, over the primary. The innermost and outermost leads are joined and become 
the centre tap which is then earthed. The two leads from the middle of the winding 
then become the high tension outers, and are connected to the rectifier plates. In 
this way the capacitance from primary to secondary is made very small. It is im- 
portant in this method of construction to ensure that adequate insulation is used be- 
tween the two plate leads within the winding, as the whole of the potential difference 
of the high tension winding appears between them. 

With the normal method of construction the leakage inductance between either 
half of the secondary and the primary is unequal. In large transformers this becomes 

•M.K.S. unit : See Chapter 38 Sect. 1. 
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important and, to maintain balance, the primary is wound between the halves of the 
secondary or the latter are wound side by side over the primary. 

(ii) Core material and size 

Various grades of core material are available all differing in silicon content from 
0.25 to 4.5 per cent (Refs. D6, 7). They feature lower loss, increasing cost and 
brittleness with increase in silicon. Several manufacturers make somewhat similar 
grades and these are listed hereunder (Ref. D8). 



Silicon 






Content* 


M. and E.A. 


Baldwin 


4% 


Silcor 1 


Quality 5 


3i% 


Silcor 2 


Quality 4 


2*% 


Silcor 3 


Quality 3B 


1% 


Silcor 4 


Quality 1 



ucor 1 


Silcor 2 


Silcor 3 


Silcor 4 


0.59 


0.63 


0.89 


1.32 


1.04 


1.07 


1.51 


2.24 



TRANSFORMER STEELS 

Sankey Allegheny Armco 

Super Stalloy Transf. C Trancor 2 
Stalloy Transf. D Trancor 1 

42 Quality Electrical Spec. Elec. 
Lohys Armature Armature 

This applies exactly to Silcor (Magnetic and Elec. Alloys Ltd.). 
The core losses for the various Silcor grades measured at 50 c/s. with 0.014 inch 
sheet, at two different values of flux density are shown below. 

Watts lost per pound 
B max 

10 Kilogaus- 
13 Kilogauss 

It will be observed that for small changes in flux density the core loss varies as the 
square of the flux density. For radio power transformer work, core materials similar 
to Silcor 2 are commonly used. Measurements of losses can be made with a low 
power factor wattmeter, or by the three ammeter method. A system suitable for mass 
production testing has been described recently (Ref. D9). 

Cold rolled, grain oriented 2.7 per cent silicon steels are becoming of increasing 
importance. Typical trade names for this material are " Hipersil " and " Crystalloy " 
(Ref. 10). Flux densities in excess of 110 000 lines per square inch (17 kilogauss), 
can be employed without high core loss. Owing to low core losses at such high flux 
densities, the application of this material to small transformers for electronic equip- 
ment is increasing. It can be used in strip form, being wound around the winding 
in one method of assembly. In another method, the strip core is sawn in half and the 
two halves clamped together around the winding. Either method results in a con- 
siderable saving in material and labour over the present method of punching lamina- 
tions and hand stacking the winding with them. 

The most popular laminations in current use are the E and / " scrapless " variety 
(Refs. Dll, 12, 13, 14). These are so dimensioned that the / is punched from the 
window of the E thus avoiding wastage. The usual ratio of dimensions of these 
laminations are as follows : Window height 1, tongue 2, window width 3, /-length 6, 
magnetic path 12. 

Similar laminations are stamped by several different firms : 



Standard Lamination Sizes 



Tongue 
9/16 in. 



1 
H 

II 
1* 





Pattern Number 


A.E.A. 


Baldwins 


Sankey 


18 


— 


— 


145 


392 


— 


35 


217 


70 


147 


— 


— 


29 


430 


Ill 


— 


— 


158 


78 


420 


133 


152 


362 


— 


120 


— 


149 



Allegheny 
EI-56 
EI-625 
EI-75 
EI-11 
EI-12 
EI-112 
EI-125 
EI-138 
EI-13 



Chicago 

F000 
D000 
B000 
1000 
13000 
14000 



5.5 (ii) CORE MATERIAL AND SIZE 235 

Laminations for small power transformers are generally 0.014 inch thick ; thicker 
laminations up to 0.025 inch are occasionally used, but result in increased losses and 
shortened lamination die life. 

To determine the core size, it is first necessary to estimate the power requirements. 
Then we may apply the empirical relation 

A = VzZ (i) 

5.58 
where A = cross-sectional area in square inches 
and VA = voltamps output. 

For ease of production an approximately square stack is desirable. Thus having 
determined A, the tongue size can be estimated from -\/A. Where high voltage 
windings, or windings operating above ground, or at a high potential between other 
windings, are used, it becomes necessary to employ a lamination which has a different 
ratio of dimensions from those quoted earlier, the window height being increased 
to allow room for extra insulation. The input current taken by a transformer on 
no-load is commonly called the magnetizing current. In fact, it consists of two 
components in phase quadrature. The in-phase component, usually small, is the 
iron loss plus a very small copper loss. The quadrature portion is the true magnetizing 
current. Their vector sum does not normally exceed about a third of the full load 
current. 

(iii) Primary and secondary turns 

The primary turns required can be determined from the fundamental transformer 
equation. 

_ B x 10* 

N = AMfBA (2) 

where N = primary turns, / = frequency in c/s 

B — max. flux density 
and A = cross-sectional area of core in sq. ins. 

Assuming an average stacking factor of 90 per cent, the factor 4.44 becomes 4 in 
the denominator. The stacking factor reduces the apparent height of the stack, the 
reduction being caused by insulation, scale and burr due to die wear. With very 
thin laminations, the stacking factor decreases to 80 per cent approximately. For 
a flux density of 64 500 lines per square inch (10 kilogauss) eqn. (2) becomes : 
For 240 volts 50 c/s 230 volts 50 c/s 117 volts 60 c/s 

1860 „ 1780 755 

N = N = ■ N = ■ 

IV A A A 

where A = gross cross-sectional area of core in sq. ins. 

The flux density employed depends on the application, the power rating, the core 
material and the frequency. For oscilloscopes and pre-amplifiers, densities of 
40 000 to 50 000 lines per square inch (about 7 000 gauss) are used. For small 
transformers below about 50 watts, densities up to 90 000 lines per square inch (14 000 
gauss) are used, gradually decreasing to about 65 000 lines (10 000 gauss) as the 
transformer size increases to several hundred watts. 

Having chosen a suitable flux density, the turns required for each secondary winding 
may be calculated. 

It can be shown that, approximately, 

N» = =r^- — :=- where v = transformer efficiency. 

■ Ei-Vv _ 

As a first approximation it may be assumed that i? = 0.85 and V 1 ? = 0.92. 

The values thus obtained for the secondary turns may be checked by more detailed 
calculations once wire gauges have been chosen and winding resistances calculated. 
For this purpose the equivalent circuit of Figure 5.11 may be used. 

If a secondary is to feed a rectifier and the d.c. output of the valve is specified, 
reference should be made to Chapter 30 or a valve data book to determine the required 



236 (iii) PRIMARY AND SECONDARY TURNS 5.5 

secondary voltage. Allowance must be made for any voltage drops due to the d.c. 
resistance of the rectifier filter. 

(iv) Currents in windings 

To enable the wire gauges to be chosen and to assess the copper losses in the wind- 
ings, it is necessary to estimate the current in each winding. Where windings are 
used to supply valve heaters and resistance loads, the winding current is the same as 
the load current. In a secondary winding feeding a rectifier the winding current 
must be estimated from a knowledge of the type of rectifier and its associated filter 
and their characteristics. For normally-loaded full wave rectifiers the following 
values of secondary current may be used as a fairly close guide for design purposes. 

Condenser input filter : The r.m.s. current in each half of the transformer 
secondary may be taken approximately as 1.1 times the direct current to the load. 
For further details see Chapter 30 Sect. 2. 

Choke input filter : The r.m.s. current in each half of the transformer secondary 
may be taken approximately as 0.75 times the direct current to the load. For further 
information, see Chapter 30, Sect. 4 (also Sect. 3). With half-wave rectification 
there will be a d.c. component of the current which will affect the transformer design 
if the total d.c. ampere turns are considerable. For half-wave battery chargers using 
bulb rectifiers, this must be taken into consideration when selecting core size and wire 
gauges (Ref. D15). 

In the case of transformers supplying full-wave rectifiers, the full load primary 
current can be estimated by calculating the total secondary loading in voltamps, 
allowing an efficiency of 85% as a first approximation. This is then the primary 
input in voltamps which, when divided by the primary voltage, will give the desired 
current. Where secondaries feed a resistive load, the loading is the product of the 
voltage and current. Where a secondary feeds a full-wave rectifier the load is the 
product of the direct current and the direct voltage output from the rectifier plus the 
power lost in the rectifier. This latter can be calculated, for a condenser input filter, 
from data presented in Chapter 30, Sect. 2. It should be noted that indirectly heated, 
close-spaced rectifiers such as the 6X4, are more efficient than types such as the 5Y3- 
GT, with its heavier filament power and lower plate efficiency. This is one reason 
why the former are almost exclusively used in the majority of small a.c. radio receivers. 

The primary input current as calculated above should be accurate to within 10% 
for small transformers. 

Wire gauges and copper losses 

For the usual type of radio receiver power transformer it will be safe to choose wire 
gauges on the basis of 450-800 circular mils* per ampere (i.e. 2830-1590 amperes per 
square inch), but values up to 1000 circular mils per ampere (i.e. 1270 amperes per 
square inch) may be desirable in larger units, or if a high flux density is used with high 
loss lamination steel. The latter figure is easy to remember as 1 circular mil per 
milliamp. 

In practice, wire gauges may be chosen arbitrarily on a basis of (say) 700 circular 
mils per ampere (i.e. approximately 1800 amperes per square inch) and check cal- 
culations should then be made to see that 

(a) the build of the winding (i.e. winding height) is satisfactory for the window 
space available, 

(b) the copper loss is not so high as to cause excessive temperature rise, 

(c) the voltage regulation is satisfactory. 

Wire tables in this Handbook will simplify these calculations (Chapter 38 Sect. 19). 

(v) Temperature rise 

This is dependent upon the cooling area, the total loss and the ratio of iron to copper 
loss. To avoid deterioration of the insulating materials, it is necessary to limit the 
working temperature to 105 °C for Class A insulation which includes paper, cotton, 

*A circular mil is the area of a circle 1 mil (1/1000 inch) in diameter. 
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silk, varnish and wire enamel (Refs. D16, 17). The temperature rise in the winding, 
as measured by the change of resistance method, will be about 10°C lower than the 
maximum (hot spot) temperature. Thus with an ambient temperature of 40 °C 
(104°F) plus a margin of 10°C for the difference between measured and hot spot 
temperature, it will be seen that the maximum permissible rise is 55 °C, as measured 
by the change of resistance. 

It is common practice to allow 10 °C margin for change in line voltage, frequency, 
or operation in situations with restricted ventilation. Thus 45 °C is generally accepted 
as the maximum permitted rise above ambient when measured by resistance change. 

The temperature difference between winding and core varies between 10° and 20 °C 
according to the distribution of losses. This means that even with an ambient tem- 
perature of 25 °C (77 °F), the core temperature may be 60° (140 °F). This will feel 
quite hot to the touch, although the internal temperature may be well under the per- 
mitted maximum. Measurement of the core temperature may be made with a spirit 
thermometer if good thermal contact is maintained between the core and the thermo- 
meter bulb. 

The winding temperature rise can be calculated by measuring the cold resistance, 
R at an observed temperature T x . After a heat run at full load the hot resistance R 
is measured and the ambient temperature 7* 2 is again measured. 

Taking the temperature coefficient of resistivity (a) of copper as 0.003 93, the tem- 
perature rise T is found from the formula 

R- R 

T = • 

R a 

To correct for any changes in ambient temperature during the heat run it is neces- 
sary to subtract the difference T 2 — T x from T to find the actual rise. An example 
will illustrate this. 

The primary resistance of a transformer measured when cold was 30 ohms at an 
ambient temperature of 20 °C. After an 8 hour full load run, the resistance was 36 
ohms, while the ambient temperature was then 18°C. It is required to find the 
winding temperature rise. 

_ 36 - 30 6 

T ~ 30 x 0.00393 ~ 30 X 0.00393 ~~ 
Now T,- T t = (18 - 20)°C = -2°C. 

Winding temperature rise = [51° - (-2)]°C = 53°C. 

Standard methods of testing small radio receiver power transformers have been 
published (Refs. D18, D22). The cooling area of a transformer for the " scrapless " 
type laminations with standard ratio of dimensions is 

A = 7/(7.71 T + 115) 
where A = cooling area 

T = width of tongue 
and 5 = height of stack. 
For a square sack S = T and A = 18.71 T 2 (Ref. 11). 

Having calculated the iron and copper losses and the total cooling area, it is possible 
to estimate the temperature rise before a sample transformer is wound. The watts 
lost per square inch of cooling area is first calculated. Reference to Fig. 5.18B will 
then show the temperature rise to be expected with an accuracy of approximately 

± io%. 

(vi) Typical design 

(Refs. D19, D20, D21, D23). 
Specifications : 

Primary 240 V 50 c/s 

Secondary (i) 6.3 V 2.6 A 

Secondary (ii) 300 V + 300 V r.m.s. for full wave 6X4 rectifier with condenser 
input filter to deliver 60 mA d.c. 
Secondary loading 

Secondary (i) 6.3 V 2.6 A or 16.5 watts 

D.C. output 343 V 0.06 A or 20.5 watts 
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Rectifier loss (see Chap. 30) 2.0 watts approx. 

Total loading 39.0 watts 

Primary input (assuming an efficiency of 85%) 46.0 watts. 

Thus the input current is 46/240 or 0.19 A. Core cross-section : A = V39/5.58 
= 1.12 square inches. Choosing pattern EI-112 lamination of Silcor 2 material, 
a suitable stack for calculated cross section is 1.125 inches, that is, a square stack. 
Primary turns : 

With a flux density of 13 kilogauss (84 000 lines per square inch) and a stacking 
factor of 0.9, 

N,, = 240 x 10 8 /4 x 50 x 84 000 x 1.125 x 1.125 
= 1130. 
Secondary (ii) turns : 

Ni = £ 1 N J) /£ J ,vV= 300 x 1 130/240 V0i85 
= 1530 + 1530. 
Turns per volt = NJEj. = 1530/300 = 5.1. 
Secondary (i) turns = (6.3 x 5.1) = 32. 

Wire gauges : 

Assume a current density of 600-700 circular mils per ampere. Referring to 
wire tables, a suitable primary gauge is 29 A.W.G. enam. 

Turns per layer = 95. Refer Figs. 5.18C and wire tables in Chapter 38 Sect. 19. 
No. of layers = 1130/95 = 12. 
R.M.S. current in secondary (ii) is (0.06 x 1.1) = 0.066 A. 
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FIG. 5.I8B 

Fig. 5.18B. Temperature rise versus loss per square inch of cooling surface for 
ambient temperature 25° C (Ref. D.l.) 
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Suitable wire gauge is 34 A.W.G. enam. 

Turns per layer = 167. 

No. of layers = 3060/167 = 19. 

Suitable secondary (i) gauge is twin 20 A.W.G. enam. 

Turns per layer of twin wire = 16. 

No. of layers = 32/16 = 2. 

A twin wire is used in preference to a single wire of 17 or 18 A.W.G. in order to 

save winding height. 

Winding Build : 
Primary build = No. of layers x (enam. wire diam. + interlayer insulation) 

= 12 x (12.2 + 2) x 10 - 3 inches 
= 0.170 inch. 
Secondary (ii) build = 19 x (6.9 + 1) x 10 ~ 3 inch 

= 0.150 inch. 
Secondary (i) build = 2 x (32.4 + 5) X 10 ~ 3 inch 

= 0.075 inch. 
Allowing 50 mil former thickness and 10 mil insulation between windings and over 
outer winding, total build is (0.170 + 0.150 + 0.075 + 0.050 + 0.040) inch 

= 0.485 inch. 
Winding height = 0.562 inch. 

Build expressed as a percentage of window height 

= 0.485/0.562 X 100 = 86.5%. 
In this particular design, the heater winding is wound between primary and high 

tension windings to serve as a static shield. 

Mean length of turn calculations — see Fig. 5.18D. 

A = Former build plus insulation = 0.050 + 0.010 = 0.060 inch 

B = Primary build plus insulation = 0.170 + 0.010 = 0.180 inch 

C = Secondary (i) build plus insulation = 0.075 + 0,010 = 0.085 inch 

D = Secondary (ii) build plus insulation = 0.150 + 0.010 = 0.160 inch 

4S = 2 x (stack + tongue) = 4.5 inches 

Primary mean length of turn =5.44 inches 

Secondary (i) mean length of turn = 6.27 inches 

Secondary (ii) mean length of turn = 7.04 inches. 

Winding resistance : 

If each value for the mean length of turn is multiplied by the number of turns 
in its own winding and then divided by twelve, the resulting quantity will be the 
number of feet of wire in each winding. By referring to the wire tables, the re- 
sistance in ohms per thousand feet for any particular gauge can be found. Dividing 
the wire length by a thousand and multiplying by the resistance per thousand feet, 
will determine the winding resistance. 

Primary resistance = 5.44 x 1130 x 81.8/12 x 1000 = 42 ohms 

Secondary (i) resistance = 6.27 x 32 x 12/2 x 12 X 1000 = 0.09 ohms 

Secondary (ii) resistance = 7.04 x 3060 x 261/12 x 1000 = 470 ohms 

Copper loss : 

Primary copper loss = (0.19) 2 x 42 = 1.52 watts 

Secondary (i) copper loss = (2.6) 2 x 0.09 = 0.61 watts 

Secondary (ii) copper loss = (0.066) 2 x 470 = 2.05 watts 

Total copper loss =4.18 watts 

Iron loss : 
Loss per pound of Silcor 2 at flux density of 13 kilogauss = 1.07 watts. 
Weight of core = 2.17 lbs. 
Therefore total iron loss = (1.07 x 2.17) = 2.32 watts. 

Temperature rise : 
Total of iron and copper loss = (2.32 + 4.18) = 6.5 watts. 
Cooling area of square stack = 18.71 x (1.125) 2 = 23.6 sq. inches. 
Therefore watts lost per sq. inch = 6.5/23.6 = 0.275 watts. 
From Fig. 5.18B temperature rise = 35°C. 
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Efficiency : 
Efficiency = Power output/(power output plus losses) 
= 39/(39 + 6.5) x 100 = 86%. 

Regulation, calculated from British definition : 
Primary voltage drop = 0.19 X 42 = 8V 
Regulation due to resistance of primary = 8 x 100/240 



3.3%. 




FIG.S.I8C 

LAMINATION AND COIL DATA 
EXAMPLE •• 

*24E WIRE ON SQUARE l.25"CORE 

LAMINATION 

SIZE 1.25" 

OVERALL 375"x 3.12" 

4 HOLE MTC— 3.12'X 2.5" 

CORE 

WEIGHT 2.95 LBS. 

AREA 1.56 SQ7 

MAGNETIC RATH --7.5-" 

C0IL-*24E 

WJRE 0.576 AMPS MAX 

wire 6i turns/Layer 

WIRE .02I3~DIAMETER 

INSULATION-.004" KRAFT 

TUBE .050" PAPER 

BUILD 536'mAX. 




LAYER INSULATION 



Lamiimiea 
Size 


Width 
Center Leg, In. 


A 


0.500 


0.625 


0.750 


0.875 


1.000 


1.125 


1.250 


1.375 


1.500 


Window 
Dimension! 


Area, Sq. In. 


B*D 


0.250 


0.292 


0.422 


0.573 


0.750 


0.950 


1.17 


1.42 


1.69 


Length, In. 


D 


0.812 


0.937 


1.125 


1.31 


1.50 


1.69 


1.87 


2.06 


2.25 


Width, In. 


B 


0.312 


0.312 


0.375 


0.437 


0.500 


0.562 


0.625 


0.687 


0.750 


Coil 
Dimensions 


Build, Max. In. 


S 


0.256 


0.256 


0.315 


0.367 


0.430 


0.483 


0.538 


0.590 


0.646 


Length 
Overall, In. 


P 


0.750 


0.875 


1.06 


1.25 


1.44 


1.56 


1.75 


1.94 


2.12 


Length 
Winding, In. 


R 


0.500 


0.625 


0.750 


1.00 


1.12 


1.25 


1.37 


1.56 


1.75 


Cow Tube 


Thickness, In. 


T 


0.035 


0.035 


0.050 


0.050 


0.050 


0.050 


0.050 


0.050 


0.060 


"E" & "I" Piece 

Overall 

Dimensions 


Length, In. 


F 


1.62 


1.87 


225 


2.62 


3.00 


3.37 


3.75 


4.12 


4.50 


Width, In. 


M 


1.31 


1.62 


1.87 


2.19 


2.50 


2.81 


3.12 


3.44 


3.75 


4 Hole 
Mounting 
Dimensions 


Length, In. 


H 










2.50 


2.81 


3.12 


3.44 


3.75 


Width, In. 


J 










2.00 


2.25 


2.50 


2.75 


3.00 


Diameter 
Hole, In. 












0.219 


0.219 


0.219 


0.219 


0.281 


2 Slot 
Mounting, 
Dimensions 


Width, In. 


G 






1.62 


1.95 


2.16 


2.44 


2.78 


2.94 


3.12 


From End, In. 


K 






1.12 


1.31 


1.50 


1.69 


1.87 


2.06 


2.25 


"E" Piece 
Dimensions 


Width, 
Overall, In. 


E 


1.06 


1.25 


1.50 


1.75 


2.00 


2-25 


2.50 


2.75 


3.00 


Width, Outer 
Leg, In. 


C 


0.250 


0.312 


0.375 


0.437 


0.500 


0.562 


0.625 


0.687 


0.750 


"I" Piece 


Width, In. 


L 


0.250 


0.312 


0.375 


0.437 


0.500 


0.562 


0.625 


0.687 


0.750 


For 
Square Stack 
Center Leg 


Volume, ■ 
Cu. Inches 


Area x h 


0.810 


1.46 


2.54 


4.03 


6.00 


8.55 


11.70 


15.60 


2020 


Weight, 
Pounds 


Vol. 

X 

Density 


071 


0.37 


0.64 


1.05 


1.50 


2.14 


2.95 


3.90 


5.06 


Area, 
Sq. Inches 


A*A 


0.250 


0.390 


0.562 


0.766 


1.000 


177 


1-56 


1.90 


225 


Magnetic 
Path 


Length, In. 


1 


3.25 


3.75 


* 50 


5.26 


6.00 


6.75 


7.50 


8.24 


9.00 



Fig. 5.18C. Lamination and coil data (Ref. D2G). 
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METHOD OF COMPUTING MEAN TURN LENGTH 




-RADIUS OF MEAN TURN. 

TUBE *PRI*S,»>iSiBULD. 

RADIUS OF MEAN TURN. 
-TUBE »PRI*^S, BUILD 



-RADIUS OF MEAN 
TURN. TUBE ♦ '/t 
PRI BUCD 






LET A- TUBE THCKNESS. FIG. 5.18 D 

B-PRIBUCD. 

C- S, BULD. 

D- Si BULD. 

S- ONE SDE OF CORE. 

4S- PERIMETER OF CORE. 
THE 4 CORNERS MAKE A COMPLETE CIRCLE WITH RADII AS SHOWN. 
THE CIRCUMFERENCE -TID OR 2TTR. 
PRI MEAN TURN-4S+(A+$-)(2T0OR 4S»{2A»B)TT 
S. MEAN TURN- 4S*(2A»2BtC)1I. 
Si MEAN TURN • 4S*(2A.2B-2C»D)TT OR 4S«[(A»8'Cl2»D].n. 

Fig. 5.18D. Method of computing mean length of turn {Ref. D20). 

The percentage regulation of any secondary winding is calculated by dividing the 
full-load voltage drop of the winding by the open-circuit winding voltage and multi- 
plying by 100. By adding the percentage regulation of the primary winding, the 
overall regulation for the secondary winding under examination is found. 



= 2.6 x 0.09 = 0.234 V 

= (0.234 x 100/6.8) + 3.3 = 6.7% 

= 0.066 X 470 = 31 V 

= (31 x 100/650) + 3.3 = 8.1% 

= 6.35 V 

= 300 V + 300 V. 



Secondary (i) voltage drop 

Regulation, overall (i) 

Secondary (ii) voltage drop 

Regulation, overall (ii) 

Full load secondary (i) voltage 

and full load secondary (ii) voltage 

This should be a satisfactory design. 

As the temperature rise is low, it might be feasible to effect economies by re-design. 
For example, a higher loss core material could be used. Alternatively the flux density 
could be increased by decreasing the turns or the size of the stack. A new design 
could also be tried on the next smaller size lamination. 

(vii) Specifications for power transformers 

The following may be incorporated into a specification for a power transformer. 

(a) Input voltage and frequency ; should these quantities vary, the range of varia- 
tion must be stated. 

(b) Secondary full load voltages and currents. If tapped windings are required 
this should be indicated. Tolerances on voltages should be stated. 

(c) Regulation of secondary voltages other than for rectifier plate circuit. 

(d) Power factor of each secondary load. 

(e) Rectifier system, if d.c. output is required ; e.g. full wave, half wave, etc. 

(f) Type of rectifier valve to be used. 

(g) Type of filter circuit ; e.g. choke or condenser input, etc. 

(h) Capacitance of input condenser, or inductance and resistance of input choke, 
(i) D.C. full load current and voltage at filter input. 
(j) D.C. regulation. 

(k) External voltages between windings, or between windings and ground. Should 
transformer windings be interconnected externally, this should be indicated. 
(1) Static shields. Number and position of each should be indicated. 
(m)Any limiting dimensions together with mounting and lead terminations, 
(n) Ambient temperature in which the transformer is to operate. 
A circuit should be supplied showing intended use of transformer. 
In all cases it is desirable for the design of the whole rectifier system, comprising 
transformer, rectifier and filter system, to be carried out by the one engineer. 
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SECTION 6 : IRON-CORED INDUCTORS 

(») General (iV) Calculations-general (m) Effective permeability (iv) Design with 
no d.c. flux (v) Design of high Q inductors (vi) Design with d.c. flux (yii) Design 
by Manna's method (viii) Design of inductors for choke-input filters (ix) Measure- 
ments (x) Iron-cored inductors in resonant circuits. 

(i) General 

Iron cored inductors fall into several different categories depending upon the cir- 
cuit requirements. In some applications these inductors may have to carry a.c. 
only, in others, both a.c. and d.c. They may have to work over a wide range of 
frequencies, or at any single frequency up to the ultrasonic range. Iron-cored 
inductors are employed as smoothing and swinging chokes in power supplies, as 
equalizer elements in audio frequency equipment, as modulation chokes and as filter 
elements in carrier equipment, to mention a few varied applications. 

To design such an inductor it is therefore necessary to know some or all of the 
following specifications — 

(a) inductance, or range of inductance if variable, 

(b) alternating voltage across the coil, 

(c) direct current through the coil, 

(d) frequency of operation, 

(e) maximum shunt capacitance, 

(f) minimvtm frequency of self-resonance, 

(g) minimum Q over frequency range and/or 
(h) frequency of maximum Q, 

(i) d.c. resistance, 

(j) shielding, 

(k) temperature rise, 

(1) size and weight limitations, 

(m) insulation requirements. 

(ii) Calculations — general 

The inductance L of an iron-cored coil may be calculated using the relation 

3.2 x N 2 x n x a 

— henrys 



L = 



(1) 



10 8 X / 
where N = number of turns 

a = effective cross sectional area of coil in square inches 
/ = length of magnetic circuit in inches 
and (i = effective permeability.* 
The effective permeability depends on the type of steel used, on the a.c. and d.c. 




FIG. 5.19 ^ATH OF MAGNETIC 'CIRCUIT 

Fig. 5.19. Magnetic cores, showing method for calculation of length of magnetic path. 



*A more precise term is "inductance ratio.' 
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flux densities in the core, and on whether the core laminations are interleaved or 
whether there is an air gap in the magnetic circuit. 

The length of the magnetic circuit is the length measured around the core at the 
centre of cross section of each magnetic path. Referring to Fig. 5.19, the path taken 
will be along the centre of each leg except where there are two windows, when each 
path through the centre leg will be along a line one-quarter of the way across the leg. 
In this latter case only a single path round the window is considered in calculating 
the magnetic circuit length. 

Eqn. (1) is properly applicable only when the cross-sectional area of the core is 
uniform throughout the magnetic circuit. Where the cross section is non-uniform, 
a conservative value of L will usually be obtained by using for a the minim um value 
of the cross-sectional area. For more accurate calculations in such cases reference 
should be made to a suitable text-book (e.g. Ref. El). 

(iii) Effective permeability 

For any given sample of lamination steel the effective permeability depends primarily 
on the a.c. and d.c. flux densities in the core. . 

Irrespective of the presence of air gaps in the magnetic circuit, the maximum a.c. 
flux density B ma x in the core is determined by the cross section of the core, the number 
of turns in the coil, the alternating voltage across the coil and the frequency, and may 
be calculated directly from the relation derived from eqn. (2) in Sect. 5, 

_ £x!0 8 

B ™ ai ~ 4.44 /Na (2) 

The d.c. magnetizing force in the core depends on the total number of d.c. ampere- 
turns, less the number of ampere-turns absorbed in any air j;ap, divided by the length 
of the magnetic circuit in inches (see Sect. 4). 

Fig. 5.20 shows the variation of effective permeability with variation of a.c. flux 
density and d.c. magnetizing force for typical electrical sheet steel. It will be observed 
that the effective permeability increases up to a maximum as the a.c. flux density 
increases, and then drops rapidly due to saturation of the core. For any particular 
value of a.c. flux density the effective permeability decreases as the d.c. magnetizing 
force is increased. 

Where the a.c. flux in the core is much less than the d.c. flux, it is convenient to 
refer to the effective permeability as the incremental permeability since it depends 
on the characteristics of the core material in relation to small changes in the total flux. 
This term is therefore generally used in dealing with filter chokes and other inductance 
coils having a relatively large number of turns and carrying a relatively large direct 
current. 

(iv) Design with no d.c. flux 

If there is, no d.c. flux in the core the calculation of inductance is straightforward 
because the effective permeability depends only on the number of turns, the frequency, 
the core cross section, and the applied voltage. This case arises when the windings 
of a coil or transformer do not carry direct current or when the windiqgs carrying 
direct current are so arranged that the d.c. flux in the core is zero as, for example, 
with transformers used in balanced push pull amplifiers. 

Design of a coil to obtain a required value of inductance is therefore also quite 
straightforward, and the following steps may be followed — 

(1) Choose an available core and calculate from eqn. (1) the number of turns re- 
quired to give the necessary inductance assuming a value of effective per- 
meability of between 1 000 and 5 000 depending on a very rough estimate of 
the a.c. flux density in the core. 

(2) Calculate the a.c. flux density for this number of turns in relation to the known 
frequency and voltage across the coil. 

(3) Correct the estimate of the number of turns using a revised value of perme- 
ability for the calculated flux. If the first estimate was far out, repeat steps 
(2) and (3). 
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Fig. 5.20. Effective permeability (p) of silicon steel versus a.c. maximum flux 

density, for various values of d.c. magnetising force H (by courtesy of Allegheny 

Ludlum Steel Corporation). 
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(4) If the flux density is excessive (i.e. above about 50 000 lines per square inch) 
increase the number of turns until the flux density is satisfactory. 

In case step 4 is necessary, the magnetic circuit must be broken by an air gap and 
the gap adjusted until the required value of inductance is obtained ; but if the larger 
value of inductance is satisfactory or useful the air gap may be omitted. 

(5) Calculate the wire gauge required, and the copper and iron losses as in the 
design of a power transformer. Check also that the d.c. resistance of the 
winding is not excessive for the purpose for which the coil is to be used. 

If an air gap of length a inches is used in the core, the value of inductance becomes 

3.2N*a 1 

L ~ 10KI X (l//x + a/Z) i3) 

and this expression may be used for calculations. Alternatively, it will be clear that 
if the air-gap is large, so that 1//* < a//, eqn. (3) approximates to 

L= 3.2N 2 . a/10 8 a (4) 

FIG. 5.21 
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5.21. Experimentally determined curve showing values of " a" as a function 
of frequency for several magnetic materials (Ref. E2). 

(v) Design of high Q inductors 

This sub-section follows S. L. Javna (Ref. E2) and is set out in a step-by-step form 
for ease of working. The following table defines the symbols used by Javna in the 
formulae presented here. 

A = Effective cross-sectional area of magnetic-flux path, in sq. in. 
A„ — Gross cross-sectional area of magnetic-flux path, in sq. in. 
a = Empirical constant, see Fig. 5.21. 
B = Maximum flux density in the core, in lines per sq. in. 
F = Fraction of core-window area occupied by copper wire of coil 
/ = Frequency, in cycles per second. 
g = Actual gap length, in inches. 
k = Empirical constant, see Fig. 5.22. 
L = Inductance of iron-cored coil, in henrys. 
/ = Mean length of magnetic path, in inches. 
m = Mean length of a turn of the coil, in inches. 
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H& = Incremental permeability of core with respect to air at operating frequency. 
N = Number of turns in coil. 

n = A.W.G. (B. and S.) wire gauge number of conductor. 
R a- e> = Apparent a.c. coil resistance caused by core loss, in ohms. 
R d . „. = Copper loss resistance, in ohms. 

s = Total lamination window area, in sq. in. 
V = Voltage across coil, in volts. 
to = Weight of core, in pounds. 
A typical problem will be solved to illustrate the design procedure. 
A 5 henry inductor is to be designed on a one inch square stack of Allegheny pattern 
EI-12 audio transformer A silicon steel annealed laminations. The voltage across 
the coil will be 10 V a.c. at 1000 c/s. It is required to determine the turns and gauge 
of wire, the gap width and Q at the operating frequency. Assume a stacking factor 
of 0.9. 

Tabulation: 
/ = 6.0 ins 
w = 1.5 lbs. 
A, = 1.0 sq. in. )- from Fig. 5.18C 

A = 0.9 sq. in. 
s = 0.75 sq. in. 
m — 5.5 ins. from Fig. 5.18D 
F sy 0.3, a typical value for this lamination 
k = 1.3 x 10 ~ 8 from Fig. 5.22. 
a = 1.987 from Fig. 5.21. 
H& is found from Fig. 5.20. 



Calculation 



B 

Ra.c. 
Rd. e. 



( 



1.74mF*10' \ V(« + 2) 



Q - 



N 



g 



KakwPL^AHFJ 
39.5kB a wf*L s /V 2 
3.44wF 2 10 8 
sFBM 2 / 2 

2nfL 

Ra. e. + Rd. c. 
F10 8 



4.44 fBA 

49.8 + 9.96 log (1.2/? d 
59NM, _ IA„ \ 
L10 8 2ix^aJ 



C 1 



.fmN) 



= 48.6 lines /sq. in. 

= 430 ohms 

= 440 ohms 

= 36 

= 5150 turns. 

= 33 A.W.G. 

= 0.08 in. 



Coil build check : 

Turns/layer using 33 A.W.G. enam. = 133 from winding data chart, 

thus number of layers = 5150/133 = 39. 

Interlayer insulation from winding data chart == 0.0015 in., 

thus winding build = 39 (0.0078 + 0.0015) = 0.363 in. 

Former thickness = 0.05 in. 

Insulation under and over winding = 0.02 in., 

thus total coil build = (0.363 + 0.05 + 0.02) = 0.433 in. 

Max. build from Fig. 5.18C = 0.43 in., 

thus the winding should fit the window satisfactorily. 

It should be noted that R a . e . and R d . c . are usually very nearly equal and where a 
square stack of scrapless laminations is used, m will approximate /. Due to the large 
air gap the inductance will remain practically independent of voltage and frequency. 
The basic design equations may be used and applied to almost any magnetic material. 
The constants a and k for other magnetic materials can be obtained from graphs 
drawn from measurements made in accordance with the method mentioned in the 
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Fig. 5.22. Experimentally determined curve showing values of " k" as a function 
of frequency for several magnetic materials (Ref. E2j. 

original reference. Further information on iron-cored inductor design is contained 
in Refs. E3, E4, E5, E6, E7, E8, E9. 

(vi) Design with d.c. flux 

(Ref. E10). 

When a d.c. flux is set up in the core by unbalanced direct currents in the windings, 
the effective permeability is decreased, as is shown in the curves of Fig. 5.20. 

The amount of d.c. flux set up in the core depends on the applied d.c. magnetizing 
force (i.e. the total unbalanced ampere-turns in the windings), on the length of the 
magnetic circuit, and on the length of any air gap in the magnetic circuit. 

The effective permeability depends on 
(i) the d.c. flux density in the core 
(ii) the a.c. flux density in the core 
and (iii) the length of air gap in the magnetic circuit. 

There is an optimum air gap giving a mavimiim value of the effective permeability 
for any particular value of total d.c. magnetizing force and a.c. flux density (Ref. Ell). 

For very low values of a.c. flux density, the following table gives the variation of 
incremental permeability with d.c. magnetizing force (A.T./inch of total length off" 
magnetic circuit) and the ratio of the length of air gap to the total length of the magnetic 
circuit. 
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Incremental Permeability of High Silicon Steel 






Total d.c. magnetizing force 






Gap 


1.0 


2.0 


5 


10 


20 


30 


Ratio 


AT/in. 


AT/in. 


AT/in. 


AT/in. 


AT/in. 


AT/in. 





1000 


820 


490 


340 


250 


140 


0.0005 


720 


700 


680 


560 


360 


170 


0.0010 


530 


520 


510 


490 


410 


250 


0.0015 


— 


425 


410 


400 


370 


270 



Such data may be obtained using the methods given in " Magnetic Circuits and 
Transformers " (Ref. A3) Ch. 7, which sets out the general methods suitable for 
calculation of inductance with d.c. flux in the core. 

The method developed by Crowhurst (Ref. El 8) makes a considerable saving in 
time by the use of charts, particularly when a number of inductors are to be designed. 

However, when the a.c. flux density is very small, as for example in many filter 
chokes, the method developed by Hanna may be used. 
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Fig. 5.23. LP/V plotted against NI/l with various gap ratio intercepts 

{Ref. £13). 

(vii) Design by Hanna's Method 

(Ref. El 2) 

Strictly, the method is applicable only when the core to be usedfis of constant cross 
section throughout the length of the magnetic path, but it gives a useful first estimate 
in cases where the cross section is not uniform. 
Let N = number of turns in coil 
J = direct current through coil 
L = Inductance in henrys (at low a.c. flux density) 
I = length of magnetic gap (inches) 
a = length of air gap (inches) 
a// = air-gap ratio 
a = cross-sectional area of core (square inches) 
and V — La = Volume of core (cubic inches). 
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Then, assuming in a typical case that L is 12 henrys and / is 80 mA proceed thus — 

(a) choose lamination size and stack e.g. EI- 11 £ in. 

(b) find V from Fig. 5.18C 4.03 cub. in. 

(c) calculate LI'/V 190 x 10 -« 

(d) find NI/l from Fig. 5.23 58 

(e) find / from Fig. 5.18C 5.26 in. 
(/) calculate N 3800 turns 
(g) assume suitable wire gauge 33 A.W.G- 
(h) find turns per layer from winding data chart 118 

(i) calculate number of layers 33 

(j) calculate coil build using 0.0015 in. insulation 0.31 in. 

(k) calculate winding build using 0.05 in. former 0.36 in. 
(1) find maximum build from Fig. 5.18C so that winding 

will fit window satisfactorily 0.367 in. 

(m) calculate mean length of turn from Fig. 5.18D 4.8 ins. . 

(n) calculate coil resistance 315 ohms 

(0) calculate power lost in coil 2 watts 

(p) calculate cooling area (see Sect. 5) 14.3 sq. ins 

(q) calculate dissipation in watts/sq. in. 0.14 watts/sq. in. 

(r) find temperature rise from Fig. 5.18B 20°C. 

(s) find gap ratio a// from Fig. 5.23 0.0029 

(t) calculate air gap (a//)x/ 0.0075 in. 

With any particular core, the highest inductance is obtained with the largest possible 
number of turns, as limited by the window space available, the permissible value of 
d.c. resistance, and heating of the winding with the specified current. 

(viii) Design of inductors for choke-input filters 

(Ref. E13) 

(a) The input choke 

Chapter 30 Sect. 3 Eqn 1, 2 or 3 gives the minimum value required for the induct- 
ance of the input choke of a choke-input filter for any particular values of load re- 
sistance and frequency. 

The required inductance for any particular value of load resistance may be achieved 
by designing the choke by Hanna's method as given above. It is only necessary to 
check that the value of the a.c. flux density in the core is small, so that Hanna's method 
will be applicable. For a full-wave rectifier the a.c. voltage applied to the choke is 
of twice the supply frequency and its peak amplitude is approximately two-thirds of 
the direct voltage at the input to the filter. 

If, however, good regulation is required over a wide range of loads, it is necessary 
for the inductance of the input choke to be sufficiently high at the highest value of 
load resistance, that is, at the minimum value of load current. Some minimum load 
current greater than zero must be provided because the inductance would need to be 
infinite to maintain regulation down to zero load. 

For a wide range of load variation (say 10 : 1) it would be very uneconomical to 
design a choke to have a constant inductance at all load currents as large as that re- 
quired at minimum load. The choke is therefore designed so that its inductance 
will vary with the direct current through it, in such a way that the inductance is suffici- 
ently high at all values of the load current. This method is discussed fully by Dun- 
ham (Ref. E14) and Crowhurst (Ref. E19) and reference should be made to their 
papers for detailed design considerations. 

For many purposes, the following simple design procedure is adequate. 

(1) From Eqn. (1) (2) or (3) of Chapter 30 Sect. 3, determine the required values 
of the choke inductance at minimum and maximum d.c. load currents. 

(2) Select an interleaved core and, assuming a permeability of (say) 1000, design a 
choke to give the inductance required at minimum d.c. load current. For this pur- 
pose use the procedure of Sect. 6(iv) above but correct the assumed value of per- 
meability using Fig. 5.20 and taking into account the number of d.c. ampere-turns 
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per inch of core path length. The peak a.c. voltage, of double mains frequency, 
across the choke, may be taken to be about two thirds of the d.c. voltage at the input 
to the filter. 

(3) Using Fig. 5.20 note the change in permeability /u. when maximum d.c. load 
current flows through the choke and check that the value of inductance under these 
conditions is sufficient. If it is not sufficient an increase in turns may be satisfactory 
and this can be checked by repeating the procedure above. If this is not satisfactory 
a small air gap may be necessary, but calculations then become complex. 

A choke so designed is commonly referred to as a swinging choke because its 
inductance varies with the direct current through it. 

(b) The second choke 

The design of the second choke of a choke input filter is straightforward, and 
Hanna's method may be used after determining the required value of inductance by 
the methods set out in Chapter 31 Sect. 1. 

(is) Measurements 

Measurements of inductances of iron-cored coils must be made under conditions 
similar to those under which the coils are to be used, because the value of inductance 
depends to a marked degree on the a.c. flux density in the core and also on any d.c. 
flux set up in the core by direct currents in the windings. 

Bridge methods are desirable for accurate measurements of inductance but must 
be arranged to simulate the operating conditions of the coil being measured. Owen 
and Hay bridges are widely used when there is a large flux due to direct current 
(Refs. E15, E16). 

For many purposes it is satisfactory to determine the effective inductance (or more 
accurately, the impedance) of a coil by measuring the current through the coil when 
the rated a.c. voltage is applied to it ; but this method is not usually feasible when a 
d.c. component is also present. 



T I 
r 




FIG. 5.24 







Fig. 5.24. Determination of the impedance of an inductor L carrying direct current. 



When a d.c. flux must be produced in the core to simulate operating conditions, 
the circuit arrangement of Fig. 5.24 may be used to determine the a.c. impedance 
of the coil. A valve voltmeter is used to adjust the a.c. voltage drop across the known 
variable resistance R to equality with the a.c. voltage drop across the inductance L. 
The required value of direct current through the coil is obtained by adjusting the 
tapping on battery B and the rheostat i?x (or by adjusting any other variable direct 
current source), the current being measured by a d.c. ammeter or milliammeter. 
The required alternating voltage across the choke coil is then adjusted by varying 
the tapping on transformer T, the voltage across the coil being read on the valve volt- 
meter ; this adjustment is not usually critical. The resistance R is then varied until 
the same reading is obtained on the valve voltmeter when it is connected across R 
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by operating the switch S. If the valve voltmeter responds to direct voltages, it 
must be connected to the circuit through a blocking condenser and grid leak as shown 
in the diagram. 

The value Z obtained for the impedance of the coil will differ from its reactance 
owing to coil losses, but for most purposes it will be satisfactory to assume that it is 
equal to the reactance. If the frequency used is /, the value of inductance is given 
approximately by 

Lph Z/inf.. 
or L.f*a Z/314 Henrys, for/ = 50 c/s. 

** Z/376 Henrys for/ = 60 c/s. 
where Z is numerically equal to the value of R for balance. 

For choke coils carrying direct current, and operating with a high a.c. flux density, 
reference should be made to the method of approximate measurement given by F. E. 
Terman (Ref. E15) Fig. 40 and pp 57-58. 

(x) Iron-cored inductors in resonant circuits 

The performance of iron-cored inductors in resonant circuits cannot be calculated 
mathematically owing to the immense complexity. While most work is carried out 
empirically, it is helpful to have a general grasp of the problem, and this may perhaps 
best be carried out graphically (see Ref. E17). 
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Mathematics, to the radio engineer, is merely a tool to be used in his design work. 
For this reason it is often used in a slovenly manner or with insufficient precision or 
understanding. 

There are normally three stages in the solution of a problem — 

1. Transferring the mechanical or electrical conditions into a mathematical form. 

2. Solving the mathematics. 

3. Interpreting and applying the mathematical solution. 

The first stage is dealt with in Chapter 4 ; the second stage is the subject of this 
chapter, while the third stage requires careful consideration of all the relevant con- 
ditions. A solution only applies under the conditions assumed in stage one, which 
may involve some approximations and limits. In all cases the solution should be 
checked either experimentally or theoretically to prove that it is a true solution. 

This chapter is not a textbook on mathematics, although it is in such an easy form 
that anyone with the niinimum of mathematical knowledge should be able to follow it. 
It has been written primarily for those who require assistance in " brushing up " 
their knowledge, and for the clarification of points which may be imperfectly under- 
stood. It is " basic " rather than elementary in its introduction, and could therefore 
be read with advantage by all. 

Sufficient ground is covered for all normal usage in radio receiver design, except 
for that required by specialists in network and filter design. 

Reference data have been included for use by all grades 
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100 
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1000 


10* 
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10 000 


10 5 
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100 000 
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1 000 000 
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SECTION 1 : ARITHMETIC AND THE SLIDE RULE 

(:) Figures (ii) Powers and roots (iii) Logarithms (iv) The slide rule (v) Short 
cuts in arithmetic 

(i) Figures 

A figure (e.g. 5) indicates a certain number of a particular object — e.g. five resistors . 
or five radio receivers ; or else five units of a particular scale — e.g. five inches, five 
microfarads or five ohms. No matter what we may do with adding, subtracting, 
multiplying or dividing, if we begin with ohms we must finish with ohms, and so on 
with any other unit. We cannot add together dissimilar objects without identifying 
each type, and similarly with any other mathematical process. 

(ii) Powers and roots, 

As figures are often too large, or too small, to be shown completely in the ordinary 
form, there is a Scientific Notation commonly used — 

Numbers above unity Numbers below unity 

10- 1 = 0.1 
io- 2 = 0.01 
io- 3 = 0.001 
10" 4 = 0.000 1 
10~ 5 = 0.000 01 
10 -6 = 0.000 001 
and so on 
10° = 1 
Note that 10 2 means 10 x 10 = 100 ; 10 3 means 10 x 10 x 10 = 1000 and so on. 
The " 2 " and the " 3 " are called exponents, or indices (plural of index). 

10 2 is called " 10 squared " 

10 3 is called " 10 cubed " 

10* is called " 10 to the fourth " etc. 
10 -1 is called " 10 to the minus 1 " etc. 
Examples : 2 750 000 is written 2.75 x 10 6 
0.000 025 is written 2.5 x IO" 5 . 
Multiplying is carried out as in the examples : 
(1.5 x 10 6 ) x (4 x 10~ 3 ) = 6 x 10 3 
(4.5 x 10 3 ) x (2 x 10 2 ) = 9 x 10 5 
Reference should be made to the table of multiples and sub-multiples in Chapter 38 
Sect. 17, Table 59. 
The same procedure may be applied, not only to 10, but to any figure, e.g. 3 ; 
3° = 1 

3 1 = 3 

3 2 = 3 x 3 = 9 3~ 2 = 1/3 2 = 1/9 

3 3 = 3 x 3 X 3 = 27 3- 3 = 1/3 3 = 1/27 

Roots : The expression 9* may be written \/9, where the sign V is called the 

square root. Similarly 27 1 / 3 may be written ^27 where the sign ^/ is called the 
cube root. 

The whole question is dealt with more fully, and more generally under " Algebra " 
in Sect. 2. 

(iii) Logarithms 

We may write 100 = 10 2 
or we may express this in different language as 

2 = log 10 100 
which is spoken of as " log 100 to the base 10." Here 2 is the logarithm of 100 to 
the base 10. 

Tables of logarithms to the base 10 are given in Chapter 38 Sect. 20, Table 71. 
They are useful in multiplying and dividing numbers which are too large to handle 
conveniently by the ordinary procedure. 
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A typical logarithm is 2.4785. Here the figure 2 to the left of the decimal point 
is called the index, and the figures 4785 to the right of the decimal point are called 
the mantissa. 

(1) The index of the logarithm of a number greater than unity is the number which 
is less by one than the number of digits (figures) in the integral* part of the given 
number ; for example the index of the logarithm of 

57 640 is 4 
5 764 is 3 
576.4 is 2 
57.64 is 1 
5.764 is 
If the number is less than unity* the index is negative, and is a higher number by 
one than the number of zeros that follow the decimal point of the given number ; for 
example the index of the logarithm of 

.576 4 is -1 
.005 764 is -3. 
To denote that the index only is negative, the minus sign is usually written above it ; 

e.g.T, 3. 

(2) The mantissa of the logarithm is found from the tables. Proceed to find the 
first two figures in the left hand column of the table, then pass along the horizontal 
line to the vertical column headed by the third figure. To this number add the 
number in the difference column under the fourth figure of the given number. The 
mantissa is the result obtained by this process with a decimal point before it. 

For example, to find logxo 5764 . 

The index is 3 

The mantissa is .7604 + .0003 = .7607 

Therefore log 10 5764 = 3/7607. 

Similarly, log 10 0.5764 = 1.7607 (note that the index is negative, but the mantissa 
positive'). 

To find the number whose logarithm is given, it is possible to use either 
antilog. tables (if these are available) or to use the log. tables in the reverse manner. 
In either case, only the mantissa (to the right of the decimal point) should be applied 
to the tables. 

The procedure with log. tables is firstly to find the logarithm, on the principal 
part of the table, which is next lower than the given logarithm, then to calculate the 
difference, then to refer to the difference columns to find the number — exactly the 
reverse of the previous procedure. 

For example, to find the number whose logarithm is 2.5712. The mantissa is 
.5712 and the nearest lower logarithm on the tables is 5705, the difference being 7 
(in the fourth figure). The number whose log = 5705 is 3720, and to this must be 
added the figure 6 which corresponds to the difference of 7 in the fourth column ; 
the number is therefore 3720 + 6 = 3726. The decimal point must be placed so 
as to give 2 + 1=3 digits to the left of the point, i.e. 372.6. 

The application of logarithms 

If two numbers are to be multiplied together, the answer may be found by adding 
their logarithms, and then finding the number whose logarithm is equal to their sum 
For example, suppose that it is desired to multiply 371.6 x 58.24, 

log 371.6 = 2.5701 

log 58.24 = 1.7652 



sum = 4.3353 
The number whose log = .3353 is 2164. 

The decimal point should be placed so as to give 4+1=5 digits to the left of 
the point ; i.e. 21 640. 

*To the left of the decimal point. 
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Therefore 371.6 x 58.24 = 21 640. 

It should be remembered that the last figure of four figure logs, is correct to the 
nearest unitj and that slight errors creep into the calculations through additions and 
other manipulations. The first three digits of the answer will be exact, and the fourth 
only approximate. 

If one number is to be divided by a second number, the answer may be found by 
subtracting the logarithm of the second from the logarithm of the first, then finding 
the number whose logarithm is equal to their difference. 

Logarithms may also be used to find the powers of numbers For example, 
to find the value of (3.762) s : 

log (3.762^ = 3 log 3.762 = 3 X .5754 
= 1.7262 

Therefore (3.762) 3 = antilog 1.7262 = 53.23. 

For other applications of logarithms see Sect. 2(xvii) 

(iv) The Slide Rule 

The Slide Rule is a mechanical device to permit the addition and subtraction of 
logarithn.s so as to effect multiplication and division of the numbers. The small 
size of the normal slide rule does not give as high a degree of accuracy as four figure 
log. tables, but is sufficiently accurate for many calculations. 

The usual 10 inch slide rule has four scales A, B, C, D of which B and C are on the 
slide. The scales C and D (the lower pair) are normally used for multiplication and 
division, and each covers from 1 to 10. The upper scales A and B cover from 1 to 100. 
The square of any number from 1 to 10 is found by adjusting the line on the cursor 
(runner) to fall on the number on the D scale, and reading the answer where the line 
cuts the A scale. The cube of a number from 1 to 10 may be found by squaring, and 
then multiplying the result by the original number on the B scale, reading off the 
answer on the A scale. If the number is not between 1 and 10, firstly break it up 
into factors, one of which should be a multiple of 10, and the other a number between 
1 and 10, then proceed as before. For example 

300 2 = (3 x 100) 2 = (3) 2 x (100) 2 = 3 2 X 10*. 
The value of 3 2 is found in the normal way to be 9 ; this is then multiplied by 10* to 
give the answer 9 x 10 4 = 90 000. 

Square roots may be found by the reverse procedure. Firstly reduce the number 
to factors, one of which should be a multiple of 100 and the other between 1 and 100, 
then apply the cursor to the number on the A scale and read the answer on the D scale 
to be multiplied by the square root of the 100 factor. For example, to find the square 
root of 1600: ^— = ^16 x 100 = V™ x VT00 = -y^" x 10. 
The value of 4 on the D scale is then multiplied by 10 to give the answer 40. 

Cube roots of numbers between 1 and 100 may be determined by setting the 
cursor to the number on the A scale, then moving the slide until the B scale cursor 
reading is the same as the D scale reading below 1 on the C scale. 

Slide rules which have log/log scales may be used to determine any power of 
a number 1.1 or greater (up to a maximum value of 100 000). Set the cursor to the 
number on the upper log/log scale, then set 1 on the C scale to the same cursor line. 
Move the cursor to the required power on the C scale and read the answer on the 
log/log scale. If the number is too high to be on the upper log/log scale, carry out 
the same procedure on the lower log/log scale. If the number is found on the upper 
scale, but the answer is beyond the limits of this scale, set the mark* (e.g. W) on the 
slide immediately below the number on the upper scale, and read the answer on the 
lower scale, immediately below the power on the C scale. 

If several figures are to be multiplied and divided, carry out multiplication and 
division alternately, e.g. 75 x 23 x 5 

41 x 59 x 36 
should be handled as 75 -^ 41 x 23 4- 59 x 5 -f 36. 

*With slide rules having no special mark, use 10 on the C scale as the " mark." 
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In a complicated calculation, especially with very large and very small numbers, 
it is highly desirable to arrange the numerator and denominator in powers of 10. 
For example 

75 000 x 0.0036 x 5900 _ 7.5 x 10 4 x 3.6 x 10~ 3 x 5.9 X 10 3 
160 000 x 0.000 0017 ~~ 1.6 x 10 5 X 1.7 x 10"* 

7.5 x 3.6 x 5.9 x 10 5 
~ 1.6 x 1.7 

The slide rule does not indicate the position of the decimal point, and it is necessary 
to determine the latter by some method such as inspection ; this is much easier when the 
individual numbers are all between 1 and 10 as in the example above. It is also possible 
to keep track of the decimal point by noting how often the manipulation passes from 
end to end of the rule. 

To find the logarithm of a given number, move the 1 on C scale to the number on 
the D scale, then turn the rule over and read the logarithm on the L scale against 
the mark (this will be a number between and 1). 

To find the decibels corresponding to a ratio, proceed as for the logarithm, but 
multiply by 10 for a power ratio or 20 for a voltage ratio. 

To find the sine or tangent of an angle, first set the angle on the S or T scale to the 
mark, then read the value on the B scale, below 1 on the A scale, and divide by 100. 

There are countless special types of slide rules, and in all such cases the detailed 
instructions provided by the manufacturers should be studied. 

Hints on special calculations on the slide rule 

(1) Z = \/R* + X 2 = RVl + (X 2 /R 2 ) 

Procedure : For example if X = 3 and R = 2 set cursor to 3 on D scale, move 
slide to give 2 on C scale. The value of (X/R) 2 is given by the value on A scale op- 
posite 1 on B scale — in this case 2.25. Move the slide up to 3.25 (= 2.25 + 1) and 
then move the cursor to 2 on C scale, reading 3.61 on D scale as the answer. 

(2) If a large number of figures is to be divided by one figure, divide unity or 10 
(D scale) by the divisor (G scale) and then, with fixed slide, move the cursor to each 
dividend in turn on the C scale, reading the answer on the D scale. 

(v) Short cuts in arithmetic 

(a) Approximations involving n 

it 2 may be taken as 10 with an error less than 1.4% 
77 may be taken as 25/8 with an error less than 0.6% 
1/tt may be taken as 8/25 with an error less than 0.6% 
2?r may be taken as 25/4 with an error less than 0.6% 
1/2tt may be taken as 4/25 with an error less than 0.6% 
(2tt) 2 = 39.5 with an error less than 0.06% 

(b) Approximations with powers and roots 

General relation : (x ± 8)" sy x n ± nx n ~ x 3 
where 8 is small compared with x. Examples are given below. 
Squares (n = 2) 

10.1 2 = (10 + 0.1) 2 *y 10 2 + 2 X 10 X 0.1 at 102 (error = 0.01%) 
10.2 2 = (10 + 0.2) 2 ^ 10 2 + 2 X 10 x 0.2 ^ 104 (error = 0.04%) 
9.9 2 = (10 - 0.1) 2 «a 10 2 - 2 X 10 x 0.1 «* 98 (error = 0.01%) 
Square roots [n = 0.5 ; (n — 1) = —0.5] 

. ,_ 0.58 

Vx ± 8^ \ x ± —J= 

V x 

\/l0T = VlOOTT ^ VlOO" + ^-^J- ^ 10.05 (error = 0.001%) 

yioo 

VllO = VlOO+lo & v / i00+ 0,5 iL 1 - «a 10.5 (error = 0.12%) 

Vioo 
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0.5 x 1 



V 50 = V 49 + 1 ft* V 49 + ' _ ft; 7.0714 (error = 0.004%) 

V49 

Cubes {n = 3) 

(10.2) 3 = (10 + 0.2) 3 ^ 10 3 + 3 X 10 2 X 0.2 ft* 1060 (error = 0.1%) 
Cube roots [n = 0.333 ; (re - 1) = -0.667] 

3{-tyx) z 

^66 = -SK64 + .2 » ^6T+ — ^— ^ 4.042 

3 X 4 2 

For more accurate approximations see Sect. 2 eqns. (82) and (83). 

(c) Approximations in multiplication 

a x b ft; |-(a + fc) 2 where a and b are close together 

e.g. 49 X 51 ft; i(49 + 51) 2 ft; |(100) 2 ft; 2500 (error 0.04%). 

This may be put into the alternative form : " ■ 

ax b ftj (arithmetical mean between a and fc) 2 

e.g. 68 x 72 ft; (70) 2 ft; 4900 (error 0.08%). 

(d) Exact multiplication 

a x b = J{(a + fc) 2 - (a - &) 2 } (no error) 

= (arithmetical mean between a and 6) 2 — \ (a — 6) 2 . 
When (a — fc) = 1, the second term in this expression becomes J and we have the 
exact application : 

3J x '4J = 16 - i = 15| (exact). 
Another application is illustrated by the example 

98 x 102 = 100 2 - i(4) 2 = 10 000 - 4 = 9996. 

(e) To multiply by 11 

To multiply a number by 11, write down the last figure, add the last and last but 
one and write down the result, carrying over any tens to the next operation, add the 
last but one and the last but two and so on, finishing by writing down the first 
e.g. 11 x 42 736 = 470096 (no error) 

(f ) For approximations based on the Binomial Theorem see Sect. 2(xviii). 

(g) For general approximations see Sect. 2(xx). 



SECTION 2 : ALGEBRA 

(*') Addition («) Subtraction (Hi) Multiplication (iv) Division (v) Powers 
(vi) Roots (vii) Brackets and simple manipulations (viii) Factoring (ix) Proportion 
(x) Variation (xi) Inequalities (xii) Functions (xiii) Equations (xiv) Formulae 
or laws (xv) Continuity and limits (xvi) Progressions, sequences and series (xvii) 
Logarithmic and exponential functions (xviii) Infinite series (xix) Hyperbolic 
functions (xx) General approximations. 

See Section 6 for Complex Algebra. 

Algebra is really only arithmetic, except that we use alphabetical symbols to stand 
for figures. It is frequently more convenient to put an expression into an algebraic 
form for general use, and then to apply it to a particular case by writing figures in place 
of the letters. All algebraic expressions are capable of being converted into arith- 
metical ones, and the fundamental mathematical processes of algebra may be used 
in arithmetic. 
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(i) Addition 

If a, b, and c are all values of the one unit (e.g. all resistances in ohms) we can add 
them together to find the sum d, where d will also be in the same unit, 

d = a + b + c 
For example, if a = 5, b = 10, c = 15 ohms, 
then d = 5 + 10 + 15 = 30 ohms. 

(ii) Subtraction 

Subtraction is the opposite of addition, or negative addition, and can only be applied 
when the quantity to be subtracted is in the same unit as the quantity from which it 
is to be taken. For example let 

a = b — c 
where a, b and c are all voltages. 

If b = 6 volts and c = 2 volts, then 

a = 6 —2 = 4 volts. 

As another example, let a, b andc be readings of a thermometer in degrees — say 
b = 10°C and c = 20°C, then a = 10°- 20°= - 10°C. This is commonly de- 
scribed as " 10 degrees below zero " or " a temperature of minus 10 degrees." Thus 
a negative temperature has a definite value and is readily understood. Its magnitude 
is given by the figure, while its direction above or below zero is given by the positive 
or negative sign. 

Similarly a negative current is one with a magnitude as indicated by the figure but 
with a direction opposite to that of a positive current. In most cases the direction 
of a positive current is arbitrarily fixed, and if the answer comes out negative it merely 
indicates the actual direction of current flow is the opposite of the direction assumed. 
The same principle holds in all cases. 

(iii) Multiplication 

Multiplication is continued addition — 

4 Xa = a + a + a + a 
and is commonly written as 4a. In the general sense we can write ba where b is any 
number ; this has the same value as ab, 

i.e. ab = ba or a.b = b.a. 
It should be noted that 

4 x (— a) = — Aa 
and(- 1) x (- 1) = + 1. 

(iv) Division 

Division is the breaking up of a number of things into a given number of groups, e.g. 

6a ■+ 3 = (2a + 2a + 2a) -H 3 = 2a. 
We may write this in the alternative forms 

6a 
-r- = 2a, or 6a/3 = 2a. 

(v) Powers 

Powers are continued multiplication, 

e.g. a 3 = aaa = a x a x a 

a m = axaxaXa...{m factors) 
a n = aXaXaXa...(n factors) 
Therefore a m x a" = a (m + n> (1) 

We can write, as a convenience, 

1 
— - in the form a~ n 
a n 

where the — n is not a true index (or exponential) but merely a way of writing l/a n . 
a m 
Therefore — = a m x a~ n = a m ~ " (2) 

which indicates that the — n can be treated as though it were a true index. 
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(v) POWERS 
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following 
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also be derived : 




a m 
a m 


= a< 


m-m) = a o 




a m 

but — 

a m 


= 1 




Therefore a" 


= 1 






(a")« 


= a Ti 


n x n —. n, mn 




(a*)" 


= a" 


*» 




/6\-" 


/a 


V a" 




W = 


= U 


y = fc^" 




v-a) n 


= (- 


-1)" x a" 






= + 


a n if n is even 




or 


= — 


a" if n is odd 
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(3) 



(4) 
(5) 
(7) 
(8) 

(9) 
(9a) 
(9b) 
These identities hold even when m and n are negative or fractions. 

(vi) Roots 

-\/a x a = a or \/a 2 = a (10) 

V a x a x a = a or 'v / a 3 = a (11) 

We may adopt as a convenience the form 

A/aj= a* (12) 

f/a = a 1 ' 3 (13) 

Va~= a 1 " 1 (14) 

This may be extended to include 

Va" = (a™) 1 " 1 = a"'" (15) 

so that a™'" is the nth root of a m . 

Note that l/tya=tyl/a; 1/Va = Vl/a" (16) 

(vii) Brackets and simple manipulations 

a(a + b) = aXa + aXb = a 2 + ab (17) 

x (a + b — c) — xa + xb — xc (18) 

-x (a + b) = -xa - xb (19) 

-x (a -b) = -xa + xb = x(b - a) (20) 

- [(« - &) - (c + d)] = -(a - 6) + (c + i) (21) 

=-a+b+c+d (21a) 

= (6 + c + d) - a (21b) 

ax + bx (a + b)x a + b x a + b ,_ 

x ~ = 7~r^ C 22 ) 



ex + #*x (c + ^)x c + i x c + d 

(a + fc) 2 = (a + 6)(a + 6) = a(a + b) + b(a + b) (23) 

= a 2 + 2 ab + fc 2 (23a) 

(a - fc) 2 = (a - fc)(a - *) = «(« - 6) - K<* - b) (24) 

= a 2 - 2 aft + ft 2 (24a) 

(a + &)(a - 6) = a(a - b) + b(a - b) = a 2 - b 2 (25) 

(a + b)(x + y) = ax + ay + bx + by (26) 

(a + b + c) 2 = a 2 + b 2 + c 2 + 2ab + 2bc + 2ca (27) 

a a — 12ac a 5 

-T=-T'^a-=- 3c; ^ = a3 (28) 

a —a —a a ,„ v 

a x = ; - = infinity* = a> (30) 
(note that it is not possible to divide by in algebraic computations). 
♦Infinity may be described as a quantity large without limit. 
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a b ad ± be a b a ± b a a a(d ± e) 

7 ± ~d = IT' ~c ± l = ~T~' c ± 7 == 7d~~ (31) 

The sign ± means either plus or minus. When ± and/or T signs are used on 
both sides of an equation 3 the upper signs in both cases are to be taken in conjunction 
as one case, while the lower signs are to be taken as the other case. 

a c ac a ac 

J X ~d == bd' > b = te (32) 

a c a d ad 

~r^-7=i x - = -r- (33) 

b d b c be 



x a + b x (c + d) y/a + b\ 
y c + d ~ y{c + d) y\c + d) 



_ x(c + d) - y(a + b) 
y{c + d) 



(34b) 



(viii) Factoring — Examples 

6ab + 3ac = 3a(2fe + c) (35) 

x 2 - Ixy + 12jy 2 = (x - 4y)(x - 3y) (36) 

2x 2 + Ix + 6 = (2x + 3)(x + 2) (37) 

x *y - i y * = jxy _ 4y») = y ( x + 2y)(x —2y) (38) 

(ix) Proportion 

(l)If a ~=j then a - c =\ (39) 

a c ad — be 

also - — - = o therefore —73 — = (40) 

ba ba 

from which ad — be = and thus ad = be (41) 

a c e g 

(2) If — = - and also -7 = -7 J 
b a j n 

(x) Variation 

If y = kxy then y oc x 

i.e. 3> is directly proportional to x. 

k u 1 

If v = -» then v oc — 

x x 

i.e. y is inversely proportional to x. 
If y = kxz, thenjy varies jointly as x and z. 

Ify = k-, then y varies directly as x and inversely as z 

(xi) Inequalities 

The letter symbols below are positive and finite. 

If a > b then a + c> b + c, b < a (43a) 

a — c > b — c, c — a < c — b (43b) 

ac> be, be < ac (43c) 

a b c c . 

- > -i - <- (43d) 

c c a b 
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If a — c > b then a> b + c (44) 

If a > b and c > d 

then a + c > b + d, and ac> bd (45) 

(xii) Functions 

We may describe 3x + 4 as " a function of x " because its value depends upon the 
value of x. This is usually written as 

F(x) = 3x + 4. 
Other typical functions of x are 

2x 2 + 3x + 5 ; x(x 2 + 3x) ; 
cos x ; log x ; 1/x. 

In such functions, x is called the " independent variable." It is usual to write 
F(d) as meaning " F(x) where x = a." 

(xiii) Equations 

An equation is a statement of conditional equality between two expressions con- 
taining one or more symbols representing unknown quantities. The process of 
determining values of the unknowns which will satisfy the equation is called solving 
the equation. 

An Identical Equation is one which holds for all values of its letter symbols. 

A Linear Equation is one in which, after getting rid of fractions, the independent 
variable only occurs in the first degree (e.g. x). 

Example : y = 5x + 3. 

A Quadratic Equation is one in which, after getting rid of fractions, the inde- 
pendent variable occurs in the second degree (e.g. x 2 ) but not in higher degree. 

Example : y = 4x 2 + 5x + 3. 

A quadratic equation in one unknown has two roots, although both may be complex 
(i.e. with an imaginary term). 

A Cubic Equation is one in which, after getting rid of fractions, the independent 
variable occurs in the third degree (e.g. x s ) but not in higher degree. 

Example : y = 3x 3 + 4x 2 + 2x + 5. 

Note : x and y are usually taken as unknowns ; a,b } c and d as known constants. 

Rules for solution of equations 

1. The same quantity may be added to (or subtracted from) both sides. 
Example : If x + 3 = 2 ; then x + 5=4andx + l=0. 

2. A term can be moved from one side to the other provided that its sign is changed. 
Example : If a = b ; then a ■ — b = 0. 

3. All signs in the equation may be changed together. 
Example : Ifx — a = y — b ; then a — x = b — y. 
This is equivalent to multiplication throughout by — 1. 

4. Both sides can be multiplied (or divided) by the same quantity. 
Example : If x + 2 = 5 ; then 2x + 4 = 10. 

5. The reciprocal of one side is equal to the reciprocal of the other. 

1 ! 

Example : If x = a ; then - = — • 

6. Terms can be replaced by terms that are equal in value. 

7. Both sides can be raised to the same power. 
Example : If x = a ; then x 2 = a 2 . 

8. Both sides can be replaced by the same root of the original. 
Example : If x = a ; then $ x = ^/ a, and 

in general, n \/ x = "V a if « is odd, but if n is even we must write 

Wx = ± "Va~ 
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which means that _ _ 

either n Vx = n Va or n \/x = — n \ r a~. 
In such cases two roots are obtained, and both should be tested in the original equa- 
tion. 

Warning 

If both sides of an equation are squared, or if both sides are multiplied by a term 
containing the unknown, a new root may be introduced. 

Solution of equations 

(1) Linear equations with one unknown 

Example : ax + b = 0. 

Solution : x = — b/a. (46) 

(2) Linear equations with two unknowns 

Any linear relation between two variables, x and y, can be written in the general form 

ax + by + c = (47) 

or (provided that b is not zero) in the alternative form 

y = mx + n (48a) 

This type of equation is not limited to one or two solutions, but has a corresponding 

value of y for every possible value of x. It is very helpful to plot the value of y against 

the value of x on squared paper — see Sect. 5(i). With any equation of this type, the 

graph will be a straight line, and it is only necessary to determine 

(1) one point on the line 

(2) the slope of the line at any point. 

The most convenient point is usually x = 0, and in eqn. (48a) 

this will give v == n 

or in eqn. (47) this will give y — — c/b 

The slope of the line is given by the difference of the v values of two points, divided 
by the difference of their x values. 

In eqn. (47) the slope is — a/b 

while in eqn. (48a) the slope is m. 

A particular form of eqn. (47) is 

* v 

- + f = l (48b) 

and in this case the line cuts the x axis at x = a and cuts the y axis at y = b. The 

slope is equal to — b/a. 

An equation of the form 

a b 

-+-=c (49) 

x y 

may be solved by regarding 1/x and 1/y as the unknowns, then following a similar 

procedure as for an equation in x and y, and solving for 1/x and 1/y. 

(3) Simultaneous linear equations (two unknowns) 

a x x + bjjy = c t ~\ x _ C J>2 — c J>i 

a 2 x + b& = c 2 J a x c?, - a 2 c t 

y = ~~L r~ (50b) 

ai0 2 — Oft>x 

provided that (aib 2 — a 2 6 x ) is not zero. 

Alternatively the solution may be derived by determining x in terms of v from the 
first equation, and then substituting in the second. 

Checking solutions : 

After any solution has been found, particularly with more than one solution, it is 
highly desirable to check these in the original equation. 

(4) Three simultaneous equations (three unknowns) 
Given fax + by + cz + d = 0. 

< a t x + b x y + c x z + d x = 
[a 2 x + b 2 y + c 2 z + d 2 — 



(50a) 
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Then 

dty&i — &iC 2 ) + di(bc 2 — b^c) + d^b x c — bcj) 



y = 



a(&ic 2 — b^d + a x {b % c — 6c 2 ) + a4)>c x — b x c) 
J(fliC 2 — a 2 Cx) + d^a z c — ac 2 ) + d s {ac 1 — a^c) 
aQbtfi — 6 2 Ci) + ai(i 2 c — bc 2 ) + a 2 (bc 1 — b x c) 
d{a % b x — aj> 2 ) + d 1 {ab 2 — a 2 fe) + <2 2 (<Zi& — ab^ 



(51) 



aCijCa — b 2 c t ) + a x Q} 2 c — fcc 2 ) + a 2 ,(bc 1 — b x c) 
It will be noticed that the three denominators are identical. 

(5) Quadratic equations 

(x — a)(x + b) = ; x = aor x = — b (52) 

- b ±Vb 2 - \ac 
ax 2 + bx + c = ; x = ^ ( 53 ) 

Note that in eqn. (53) 
when b 2 = 4ac, the two roots are equal 
when b % — 4ac is positive, the two roots are real 
when b 2 — 4ac is negative, the roots are imaginary. 

(6) Quadratic equations with two variables 

Example : y = ax 2 + bx + c. 

This type of equation is not limited to one or two solutions, but has a corresponding 
value of v for every possible value of x. It is helpful to plot part of the curve on 
squared paper — see Sect. 5(i). The curve may cut the x axis at two points, or it may 
touch at one point, or it may not touch it at all. Let y = 0, then 

ax 2 + bx + c = 
and the points at which the curve cuts the x axis will be 

- b ±Vb 2 - 4ac 

— (54) 



2a 

If b 2 > 4ac } the curve will cut at two points. 
If b 2 = 4ac, the curve will touch at one point. 
If b 2 < 4tac, the curve will not cut the x axis. 

(xiv) Formulae or laws 

A formula is a law, or rule, generally in connection with some scientific relation- 
ship, expressed as an equation by means of letter symbols (variables) and constants. 
For example, Ohm's Law states that E — RI where each of the letter symbols 
has a precise meaning. If we know any two of the variables, we can determine the 
third, 

E E 

R = -j and J = -= 

1 K 

Another example is 

Xe ~ 2nfC 
which gives X c for any desired values of/ and C. Note that 2-n is a constant. 

All formulae or laws may be rearranged in accordance with the rules for the solution 
of equations, so as to give the value of any variable in terms of the others. 

(xv) Continuity and limits 

Some functions are " continuous," that is to say they are smooth and unbroken 
when plotted as curves. Other functions are said to be " discontinuous " if at some 
value of x the value of y is indeterminate or infinite, or there is a sharp angle in the 
plotted value of v = F{x). Examples of points of discontinuity are : 

(1) v = 1/x is discontinuous at x = 0. 

(2) y = 10 1/(ir _ v is discontinuous at x = 1. 

Even when a function is discontinuous at one or moire points, it may be described 
as continuous within certain limits. 
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It frequently happens that a function approaches very closely to a limiting value, 
although it never quite reaches it for any finite values of the independent variable. 
For example, the voltage gain of a resistance coupled amplifier is given by 

A - nR L /(R L + r,) 
and it is required to find the limiting value of A when R L is made very great. 

The formula may be put in the form 

and as R L is made very much greater than r v) the value ofr v /R L becomes very small 
although it never actually reaches zero. We may express this in the form 

Lt C-*A=0 (3i) 

R L -+«> \Rj 

which may be stated " the limit of (r v /R L ), as R L approaches infinity, is zero." The 

limiting value of A, as R L approaches infinity, is therefore 

Lt A = ii (57) 

(xvi) Progressions, sequences and series 

A Sequence is a succession of terms so related that each may be derived from one or 
more of the preceding terms in accordance with some fixed law. 

A Series is the sum of terms of a sequence. 

Arithmetical Progression is a sequence, each term of which (except the first) is 
derived from the preceding term by the addition of a constant number. 

General form : a, (a + d), (a + 2d), (a + 3d) 

Example : 2, 5, 8, 11, etc. 

(here a = 2 and d = 3). 

The Mth term = a + (n - \)d (58) 

The sum of n terms is 5 = %n[2a + (n - l)d] (59) 

When three numbers are in Arithmetical Progression, the middle number is called 
the " arithmetical mean." The arithmetical mean between a and b is \{a + b). 

Geometrical Progression is a sequence, each term of which (except the first) is 
derived from the preceding term by multiplying it by a constant ratio (r). 

General form : a, ar. 



car 


ar'j 




12, 


24, 


(r = 2) 


+ 1, 


-1 


(r= - 



Examples : 3, 6 , 

4, -2, +1, -1 (r = - \) 

With the general form above, 

the nth term = ar n " x (60) 

and the sum of the first « terms is 



"C— 1) 



(61) 

When three numbers are in Geometrical Progression, the middle number is called 
the Geometrical Mean. The Geometrical Mean of two numbers a and b is \/ab. 
If the ratio r is less than unity, the terms become progressively smaller, and the 
sum of a very large number of terms approaches 



n-> oo l 



(62) 



Harmonic Progression : The terms a, b, c, etc. form a harmonic sequence if their 

reciprocals 

1 1 1 
— » -» — > etc. 
a b c 

form an arithmetical sequence. 

Example : 1, \> 1/3, i, 1/5 is a Harmonic Progression 

because 1, 2, 3 , 4, 5 is an Arithmetical Progression 

lab 
The Harmonic Mean between a and b is — — ;• 

a + b 
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Note that the Arithmetical Mean between two numbers is greater than the Geo- 
metrical Mean, which in turn is greater than the Harmonic Mean. 

With any form of progression or sequence, we are often concerned with the sum of 
a number of terms of which the general term is given. It is possible to write this 
sum in a shortened form, for example 

k = n 

1. + 2 + 3 + 4 + ... + * + ... + «=. S* 

k = 1 
where the Greek letter capital sigma is used to indicate the sum of a number of terms ; 
k is merely the general term ; and the values of k are to be taken from k = 1 (beneath 
sigma) to k = n (written above sigma). 

(xvii) Logarithmic and exponential functions 

If a x =N 
then x is the logarithm to the base a of the number N. This may be put in the form 

x = log N 
where the base a may be any positive number except 1 or 0. 

The two principal systems of logarithms are 

(1) The Naperian (or natural) system, using the base e = 2.718 28 . . . (pre- 
ferably written with the Greek e), and 

(2) The Briggs (or common) system, using the base 10. 

Only one set of tables is required, for it is possible to convert a logarithm to one 
base (b) into a logarithm to any other base (a) : 

loga.V = 10g 6 ,V X log fe 

If it is required to find the logarithm to the base e, given the logarithm to rhe base 10, 

log e .y = log 10 y x loge 10 (63a) 

= log 10 j> x 2.3026 (63b) 

log io y = log e y x 0.4343 (63c) 

Some properties of € 
The value of e is given by the right hand side of eqn. (86). 
Values shown below in brackets are to four decimal places, 
e = 2.71828 (= 2.7183) 
l/€ = 0.367879 (= 0.3679) 
l ogl0 e = 0.43429 (= 0.4343) 
log 6 10 = 2.30259 (= 2.3026) 
log e 1° = Vlogio € 
lpgio e B = n x 0.43429 (= n x 0.4343) 

Some manipulations with logarithmic functions 

log a/b = log a — log b (64) 

log 1/a ■■-■ — log a (65) 

log v" -- it x log y (66) 

log v -1 = — log y (67) 

log ym'n = ( m /ti) x log y (68) 

log Vy_ = log v 1 ' 2 = (1/2) log v (69) 

log tyy = logy 3 = (1/3) log y 70) 
To find the cube root of 125 — 
%Y25= (125) 1 ' 3 

Therefore log (125) 1 ' 3 = (1/3) log 125 = (1/3) (2.0969) = 0.699. 
Then antilog 0.699 = 5.00 (from tables). 

log^yT= flogy (71) 

log abc = log a + log b + log c (72) 

log (ab/cd) = log a + log b — log c — log d (73) 

log (a m b n c v ) = m. log a + n. log b + p. log c (74) 

log (ab m /c n ) = log a + m. log b — n. log c (75) 

log (a 2 - fc 2 ) = log [(a + b)(a - b)] = log (a + b) + log (a - b) (76) 
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log V^""^ = \ log (a + b) + i log (a - b) (77) 

Logarithmic Functions are closely related to Exponential Functions, and any 
equation in one form may be put into the other form. If the curves are plotted, the 
two will be the same. 

Example : Exponential form y = r* 

Logarithmic form x = log r v 

Numerical example : 

If r = 10 and x = 3 

Then y = 10 3 = 1000. 

This may be handled by the logarithmic form of the equation, 
x = log r y = log 10 1000 = 3 as before. 

Logarithmic decrement : If the equation is of the form 

y = ae~ bx 
where (— b) is negative, the value of y decreases as x is increased, and (— b) is called 
the Logarithmic Decrement. 

(xviii) Infinite series 

It was noted, when dealing with Geometrical Progression, that it is possible to take 
the limit of the sum of a very large number of terms, as the number approaches in- 
finity, provided that the terms become progressively smaller by a constant ratio. 
Such a series is called " convergent " and is defined as having a finite limit to the sum 
to infinity. Infinite series which do not comply with this definition may be " diver- 
gent " (these are not considered any further) or else they may be " oscillating." 

(a) Binomial series : 

m(m — 1) „ m(m — l)(m — 2) „ 
1 + mx + 12 x 2 +~ ~^ x 3 + etc. (78) 

The wth term is 

m( m - l)(m - 2) . . . (m - n + 2) 

a » = 1.2.3...(«-1) X (79) 

The denominator is usually written in the form 

(» - 1) ! 
which is called " factorial (n — 1)." 

This Binomial Series is convergent, provided that x is numerically less than 1. 

(b) Binomial theorem : 
Case 1 : 

m(m — 1) x 2 m{m — l)(m — 2)x 3 
(1 ± x) m = 1 ± mx + —\ ~ ± 3~1 1" • • • 

, m(m — 1) . . . (m — n + 2)x n ~ 1 

± ^3^ +••• (80) 

which holds for all values of x if m is a positive integer, and for all values of m provided 
that x is numerically less than 1 . 

The Binomial Theorem is useful in certain approximate calculations. If x is small 
compared with 1, and m is reasonably small, 

(1 + x) m aa 1 + mx "\ 

(1 — x) m fa 1 — mx [ 

(1 + x)~ m «j 1 - mx f (81) 

(1 — %) _n *=s 1 + mx. J 

To a closer approximation (taking three terms), 

(1 + x) m ^ 1 + mx + \ m(m — 1) x 2 ~) . 

(1 - x) m fm 1 - mx + I m(m - 1) x 2 { (82) 

(1 + x)- m «a 1 - mx + \ m{m + 1) x 2 f 

(1 - x)~ m za 1 + mx + I m{m + 1) x* J 

Numerical example : To find the cube root of 220. 
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220 = (216 + 4).,» = { 21 6(l + ±jy - 6 (l + 1)'". 

Applying the approximation from the Binomial Theorem, 
(1 + x) m as 1 + mx 
to the evaluation of the quantity above, we may make x = 1/54 and m = 1/3, from 
which 



(> + £• 



54/ -l+^^l+I^ 1 - 00617 



Therefore V220 a; 6 x 1.006 17 at 6.037. 
Case 2 : 

We can also expand (<z + x) m , which is convergent when x is numerically less than 
a : 

m(m — 1) „ „ m(m — l)(m — 2) 
(a ± x) m = a m ± ma^x + 2 I a * ± ~^ 31 ■ ° m ~ 3 x 3 + . . -(83) 

Approximation : 

— — = ( a + I)" 1 at -( 1 - - ) when a > 1 (84) 

a + 1 a\ a/ 

(e) Exponential series 

From the Binomial Theorem, putting x — l/« and m = nx, we may derive 

1+ n) = 1+ ^ + 2l + 3! + 4!+--- + (^ri)! +••• <&> 

When x = 1 this becomes 

/ 1\» 111 1 

( 1 + „) = 1 + 1+ -2! + ^r + T! + --- + (^T)r + --- (86 > 

The right hand side of this equation is the value e, which is equal to 2.71828 (to five 
places of decimals). Taking the xth power of each side of this equation, 



Therefore 



-0 + s)" 



and € . « 1 + , + _ + _+_+... + __ + . . . (gT) 

which is called the Exponential Series. 

(d) Logarithmic series 

The logarithmic series is the expansion of log e (1 + x) in ascending powers of x : 

log € (l + x) = x-%-+.j- -%- + '-.> (88) 

which is convergent if x is numerically less than 1 . 

(e) Trigonometrical series 

(89) 

(90) 

62x* , , 

tanx = x + j- +— + ^r-+2X5 + ...(\x\ < n/2) (91) 

For derivation of eqns. (89) and (90) see Sect. 6, eqns. (17) and (18). 

(xix) Hyperbolic functions 

These are combinations of the sum and difference of two exponential functions. 

e x — e~ x 

is called the hyperbolic sine of x, designated by sinh x 



sin x — x 


x* x b 
~ 3l + ~5l ~ 


X 1 

'7! + 


cos x = 1 


x z x i 

~ 2! + 4! 


X 6 

6i + 




* 3 2x 5 


17*' 



2 



-is called the hyperbolic cosine of x, designated by cosh x, 
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—_r is called the hyperbolic tangent of *, designated by tanh * 

€ x -f- € x 

and similarly with the inverses 
cosech x = 1/sinh x 
sech x = 1/cosh x 
coth x — 1/tanh x 

Note 6= 1 +|y+^j+3j+|, + ..« 2.71828 (92) 

The following may be derived : 

cosh 2 * — sinh 2 * = 1 (93) 

sech 2 * + tanh 2 * = 1 (94) 

coth 2 * — cosech 2 * = 1 (95) 

sinh (—*) = — sinh * ; cosh ( — *) = cosh * ; tanh (—*) = — tanh * (96) 
tanh * 



sinh * = -j==- ~ — — = Vcosh 2 * - 1 (97) 

V 1 — tanh 2 * 



1 



cosh * = -====, = Vsinh^ + 1 (98) 

V 1 — tanh 2 * 

sinh * 

tSDh X = cosh^ = Vi - sech 2 * (99) 

* + v * — v 

sinh * + sinh y = 2 sinh -— cosh — - — (100) 

* — y x + v 

sinh * — sinh v = 2 sinh — - — cosh — - — (101) 

* + V * — V 

cosh * + cosh y = 2 cosh - r cosh — - — (102) 

x + v * — y 

cosh * — cosh v = 2 sinh — - — sinh — -- — (103) 

u , -u sinh(*±3>) 

tanh * ± tanh v = — -. ; (104) 

cosh * cosh v 

(sinh * + cosh *)" = cosh nx + sinh nx (105) 

sinn -1 * = log e (* + V*?~+~l) = cosh-y* 3 + 1 (106) 

cosh -1 * = log e (* + Vx 2 - 1) = sinh-V^ 2 - 1 (107) 

1 + * 

tanh -1 * = i log e --_- — (108) 

1 * 
= cosh" 1 — = sinh -1 . ■ (109) 

Vi - x 2 Vi - * 2 

sinh (* ± y) = = sinh * cosh y ± cosh * sinh v (110a) 

cosh (* ± y) =-- = cosh * cosh v ± sinh * sinh v (110b) 

— € x± v - €' ( x± v) tanh * ± tanh y 

tanh (* ± v) = ^- ^=7^ -= 1 ± tanh* tanh v (111 > 

2 tanh * 

sinh 2* = 2 sinh * cosh * = r-r— (112) 

1 — tanh 2 * ■■ v. / 

1 + tanh 2 * 

cosh 2* = cosh 2 * + sinh 2 * = — — (113) 

1 — tanh 2 x ^ J 

2 tanh * 

tanh 2* = -— — (114) 

1 + tanh 2 * y ' 

cosh * + sinh * = e x (115a) 

cosh * — sinh * = e~ x (115b) 

sinh * == * + §T+5] + ''- (115c) 
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cosh x = 1 + |j- + |j + gj + • . . (115d) 

(these are convergent for all real values of x). 
Also in complex form (see Section 6) 

sinhyx = j sin x ; cosh/x = cos x ; tanh/x = j tan x (116) 

sinjx = ./sinhx; cosjx — cosh x (117) 

sinh (x ± jy) = sinh x cos v ± / cosh x sin v (118) 

Note that x and y in sin x, cos x 3 tan x etc. in eqns. 116 to 119 must be expressed 

in radians. 

cosh (x ± jy) = cosh x cos y ± j sinh x sin v (119) 

o,va, f*\ — /cosh x — 1 , (x\ /cosh * + 1 „_ 

smh \27 ~ V 2 ' C \2/ = ** 2 (1 0) 



tanh (|) = ~ Z-.. ' = zz±^~: (121) 



cosh x — 1 sinh x 

sinh x cosh x + 1 



(xx) General approximations 

Let 8 be an extremely small quantity and x be a quantity very large compared with 
3, then 

j-^y «*■ 1 + 8 yqj-g ^1-3 (122) 

" ~ " " & 1 + 8j - S 2 (123) 



1 + 8 

(1 ± 8)"ftj 1 ± n8 "\ , t . , r _^ 

i I where n may be integral, j (124) 

* ^ 1 =F «8 j fractional or negative \ (125) 

Vl + 8 ^ 1 + £8 Vl - 8 fe> 1 - £8 (126) 

1 ^ 1 - *S . «* 1 + P (127) 



Vl + 8 Vl - 8 

(l + S) a ^l+28 (l-S) 2 ^l-28 (128) 

(x ± 8) n «^ x" ± nx n ~ x 8 (129) 

Eqn. (129) is used in Sect. l(v)b for approximations with powers and roots. 

Vx(x + 8>« x + P Vx(x - 8) ^ x - JS (130) 

(1 + 80(1 ± 80 ** 1 + Si ± §2 (131) 

(1 + 80(1 + 80(1 + 80 » 1 + 8 X + 8^ + S 8 (132) 

where 8 15 S 2 and 8 3 are all extremely small quantities. 

e 8 & 1 + 8 e" 8 ^ 1-8 (133) 

e*/*c ^ x + r/ # c € -f/*c ^ ! _ f/i?C (134) 

Eqn. (134) has an error less than 0.6% when t/RC does not exceed 0.1. 

8 /SV 

log e (x ± 8) ^ log e x : ± - - J^-j (135) 

log6(l ± 8)*j 8 -£S 2 (136) 

sinh 8 xx 8 cosh 8 <=« 1 tanh 8 tm 8 (137) 

sinb^S j^ 8 tanh^S & 8 (138) 

sinh (x + 8) ^ sinh x + 8 cosh x ; sinh (x — 8) «^ sinh x — d cosh x (139) 

cosh (x + 8) ?& cosh x + 8 sinh x ; cosh (x — 8) ^ cosh x — 8 sinh x (140) 

tanh (x + 8) & tanh x + 8 sech 2 x ; tanh (x — 8) ss tanh x — 8 sech 2 x (141) 
When L is a large quantity 

sinh L ph £e £ cosh L ph \e L tanh L ph 1 (142) 

Trigonometrical relationships 

When 8 is an extremely small quantity, so that an angle of 8 radians is a very small 
angle, and x is an angle very large compared with 8, 
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sin 8 ss 8 cos 8 ^ 1 tan 8 ss 8 (143) 

sin" *S & 8 cos" 1 8 & frr(4K - 1) + 8 tan" X S ^ 8 (144) 
where K is any integer. See Sect. 3(iii) for inverse functions. 

sin (x + 8) i=y sin x + 8 cos x sin (x — 8) fin sin x — 8 cos x (145) 

cos (x + 8) «« cos x — 8 sin x cos (x — 8) sy cos x + 8 sin x (146) 

tan (x + 8) «a tan x + 8/cos 2 x tan (x — 8) ss; tan x — S/cos 2 x (147) 



SECTION 3 : GEOMETRY AND TRIGONOMETRY 

(**) Plane figures (ii) Surfaces and volumes of solids (Hi) Trigonometrical relation- 
ships. 

(i) Plane figures 
Angles 

Two angles are complementary when their sum is equal to a right angle (90°). 
Two angles are supplementary when their sum is equal to two right angles (180°). 
The three angles of a triangle are together equal to two right angles (180°) 

2w radians = 360° 

ir radians = 180° 



1 radian 



57.29578 c 



1° as 0.0174533 radian. 
When an angle is measured in radians, and incorporates the sign it, it is usual to 
omit the word " radians " as being understood — e.g. n, 2-n. 

Right Angle Triangles (Fig. 6.1) 
a 



Sine 



Tangent 



Cosine 



- = sin A 

c 

- = tan A 
b 

b A 

- = cos A 



a = c sin A 



b tan A 



b — c cos A 



(1) 
(2) 
(3) 




FIG. 6.1 



Cosecant : 


- = cosec A — 1/sin A 
a 


Secant : 


- = sec A = 1/cos A 
■b 


Cotangent : 


- = cot A = 1/tan A 



c is called the hypotenuse. 



a 2 + b* = c* 

a = V(c + b)(c — b) = \/mc 
a = c sin A = b tan A 
b = V(c + a)(c — a) = s/nc 
b = c cos A = a cot A = a/tan A 



c = \/a 2 + b 2 = m + n 

c = a cosec A = a/sin A = b sec A = b/cos A 

Area = \ ab = J a 2 cot A = £ b 2 tan A 

= i c 2 sin 2A = \ be sin A = £ ac sin B 
The perpendicular (p) to the hypotenuse is the mean proportional (or mean geo 
metrical progression) between the segments of the hypotenuse, 

*See Sect. 3(iii) for trigonometrical relationships. 



(4) 
(5) 
(6) 



(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
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also 



m 



n b 
— _ — » — _ . 

a c b c 

Any triangle inscribed in a semicircle, with the diameter forming one side ; 

angle triangle. 

Equilateral Triangle (Fig. 6.2a) 

Each side = a 

Each angle = 60° 

m = \ a 

h = V3m = (V3/2)a ft* 0.866a 

nc.«2A area = £ ah = (VJ/4)a 2 ft* 0.433a 2 

Any triangle (Fig. 6.2b) 



(16) 

(17) 
is a right 




Area = \ bk = VX* — «X J — b X s — c ) 
where t = base, h = height, s = % (a + b + c). 

a b 




sin 4 




sin B sin C 


a 2 


= 


b* + c 2 - 


2fec cos 4 


b* 


= 


c 2 + a 2 - 


2ca cos £ 


c 2 


— 


a 2 + & 2 - 


2ab cos C 


a 


= 


6 cos C + 


c cos B 


b 


= 


c cos 4 + 


a cos C 


c 


= 


a cos jB + b cos 4. 



} 
} 



Rectangle (Fig. 6.3) 
Area = ab 



d = diagonal = \/a 2 + b % 
Parallelogram (Fig. 6.4) 

Area = bh = ab sin C ; a = c ; b — d. 

Angle A = angle C j angle B = angle D. 
Trapezoid (Fig. 6.5). 

Side d is parallel to side b. 

Area = \{b + d)h. 



Polygons and Quadrilaterals 

To find area, divide into triangles, calculate the area of each, and add. 
Circle 

Circumference = it x diameter ^ 3.1416 x diameter 

= 2n x radius m 6.2832 x radius 
Area = it x (radius) 2 = £ (circumference x radius) 
= (w/4) x (diameter) 2 ss 0.7854 (diameter) 2 
Sector (Fig. 6.6) 

A = angle subtended at centre = s/r radians 

c = 2V r 2 - a 2 = 2 r s in (4/2) = 2a tan (4/2) = 2V2/jr - A 2 
a = J\/4r 2 - c 2 = i\/d 2 - c 2 = r cos (4/2) = i c cot (4/2) 



(18) 
(19) 

(20) 

(21) 
(22) 

(23) 
(24) 

(25) 

(26) 
(27) 

(28) 
(29) 

(30) 




(31) 
(32) 
(33) 
(34) 

(35) 
(36) 
(37) 
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s = length of arc 



Area of sector 



rA 

7T rA/180 
r — a = r (1 - 
= \r*A 
= irr* A/360 
Area of segment (bounded by chord 
= i r*.(A - sin A) 
= |r(j — r sin s/r) 



h = 
$ rs 



04 in radians) 

(A in degrees) 
- cos A/2) 

(A in radians) 

(A in degrees) 
c, curve s) 
(A in radians) 
(s/r in radians) 



c) + ch] for segments less than half a circle. 



(38) 
(39) 
(40) 
(41) 
(42) 

(43) 
(44) 
(45) 



(46) 
(47) 
(48) 
(49) 



■= I [r (J - 
Ellipse (Fig. 6.7) 
The ellipse has two foci, F and F', and for any point P on the perimeter, 
FP + PF' is constant = FB + BF' = FA + AF' 
Major axis = AB — 2a; minor axis = CD = 2b 
Area of ellipse = -nab f=a 0.7854 major axis x minor axis 
Perimeter (& a (4 + 1.1m + 1.2m 2 ), where m — b/a 
An ellipse may be drawn by putting a pin into the paper at each focus (F, F'), tying 
the ends of a short length of cotton thread around the pins leaving a slack portion in 
the middle, and running a pencil point around in the loop of the thread. 

To find the foci, draw an arc with centre at C and radius a to intersect the X axis 
(AB) at F and F'. 
Parabola (Fig. 6.8) 

The parabola has a focus (F) and a directrix (MN) and for any point P on the para- 
bola, 

FP = PM where PM is the perpendicular to the directrix (50) 

Area of segment cut off by chord PP' = (2/3) ch. (51) 





P 








7fl 


1 

c 


X 

we 
hi 


XI [ 

i X 


ft 




o 

N 








Hyperbola (Fig. 6.9) 

The hyperbola has two foci (F, F') and two asymptotes, and for any point P on 
either curve, 

FT - FP = constant (52) 

General rules for areas 

Areas bounded by straight sides may be calculated by dividing the area into tri- 
angles, calculating the area of each and adding. 

Areas bounded by irregular curves may be divided into parallel strips and the area 
calculated by one of the following approximations : 
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Trapezoid rule 

Area'= i^i + y 2 + y 3 + + y n _ x + lyj (53) 

where d = width of each strip 

and y 13 y 2 , y 3 y n are measured lengths of each of the equidistant parallel chords. 

Note that the first (y ± ) and the last (y n ) do not cut the area, and may be zero if the 
surface is sharply curved. 

Simpson's Rule 

Area = - (y ± + 4y 2 + 2y z + 4 yi + 2y h . . . + 2y n _ 2 +Ay n _ 1 + y n ) (54) 

where n must be odd 

d = width of each strip 
and y x . . . y n are measured lengths of equidistant parallel chords. 

(ii) Surfaces and volumes of solids 

Cube (length of side = a) 
Volume = a 3 (55) 

Surface area = 6a 2 (56) 

Length of diagonal = a\f?> (57) 

Rectangular prism 

(length = /, breadth = b, height = h) 

Volume = Ibh (58) 

Surface area = 2{lb + Ih + bh) (59) 

Diagonal = V& + / T Tl r (60) 

Cylinder, solid right circular 

(length 1, radius r) 

Volume = vrH & 0.7854 d 2 l (61) 

Area of curved portion = 2u rl = w dl (62) 

Area of each end = -n r 2 (63) 

Total surface area = 2v r (I + r) (64) 

Hollow cylinder, right circular 

(length I, outer radius R, inside radius r) 

Volume = 7T I (R 2 - r 2 ) (65) 

Any pyramid or cone 

Volume = 1/3 (area of base X distance from vertex to plane of base) (66) 

Sphere 

Volume = - it r s = ■* d 3 /6 sa 4.1888 r 3 en 0.5236 d s (67) 

Surface area = 4w r 2 = 77 d z (68) 

(iii) Trigonometrical relationships 

We have already introduced the sine, cosine and tangent of an angle, and their 
inverses, under the subject Angles (Fig. 6.1). The following table may readily be 
derived with the assistance of Fig. 6.10 : 

Angle Sine Cosine Tangent 

1 _ 

30° 1/2 _ VV2_ 1/Vl 

43° I/n/2" l/V'2 1 

60° V3/2 1/2 V3 

90° 1 00 * ■ 

*Approaches infinity as angle approaches 90°. 

The values for any angle between 0° and 90° may be found from Table 72, Trigo- 
nometrical Relationships, in Chapter 38 Sect. 21, or from any book of Mathematical 
Tables. 
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Angles of any magnitude 

If the line OX (Fig. 6.11) revolves about O to a new position OP, the amount of 
rotation is the angle XOP between its original position OX and its new position OP. 
Such a counter-clockwise rotation is called positive, while the opposite direction of 
rotation is called negative. 





+ \^ / + 

^c y* 



Examples of angles in all four sectors are shown in Fig. 6.12. It will be seen that, 
for any angle A, the position of OP is the same for a movement of angle A in a positive 
direction, or for a negative movement of (360° — A) ; for example, 

+ 330° = - (360° - 330°) = - 30°. 
In the case of angles greater than 360° we are generally only concerned with the final 
position of OP, so that for these cases we may subtract 360°, or any multiple of 360°, 
from the angle so as to give a value less than 360°. For example 390° = 360° + 30° ; 
800° = 720° + 80° ; 1125° = 1080° + 45°. 

In trigonometry it is also necessary 
to define the polarity of the three 
sides of the triangles from which 
we derive the sine, cosine and 
tangent. The hypotenuse (OP x ) 
is always positive (see Fig. 6.13). 
The base (OXJ is positive when X 
is to the right hand side of O, and 
negative when X is to the left of O 
(e.g. OX 2 ). The perpendicular is 
positive when P is above X (e.g. P t X x ) and negative when P is below X (e.g. = P 4 ). 

1st Quadrant : All sides positive (OXiP^. 

Sine, cosine, tangent all positive. 
2nd Quadrant : OX 2 negative, other sides positive. 

Sine = X;sP 2 /OP 2 which is positive. 

Cosine = OX 2 /OP 2 which is negative. 

Tangent = X 2 P 2 /OX 2 which is negative. 
3rd Quadrant : OX 2 , X 2 P 3 negative ; OP 3 positive. 

Sine = X 2 P 3 /OP 3 which is negative. 

Cosine = OX 2 /OP 3 which is negative. 

Tangent = X 2 P 3 /OX 2 which is positive. 
4th Quadrant : OX ls OP 4 positive, X x V t negative. 

Sine = X1PJOP4, which is negative. 

Cosine = OXj/OP* which is positive. 

Tangent = X^EVOXj which is negative. 

A convenient method for determining graphically the value of the sine, cosine and 
tangent of an angle is shown in Fig. 6.14, where the circle is drawn with radius 1 
(to any convenient scale, say 1 inch). To the same scale, PX gives the value of the 
sine, OX the cosine and AT the tangent. 

" Inverse " functions 

If sin = «, we may describe 6 as the angle whose sine is n. This is convention- 
ally written in the form 

6 = sin - 1 n, 
where the " sin - x " is to be regarded purely as an abbreviation for " the angle whose 
sine is." 
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The same system is used with all trigo- 
nometrical functions — cos - 1 , tan - 1 i 
cosec - S sec - 1 , cot - 1 . 

These are occasionally written as arc sin 3 
arc cos, arc tan, etc. 





"NB^ 


/ RAO 


/ Z 




1 ° 


/ <n 


X 








COSINE 


,' 




Summary of trigonometrical relationships 

1. cosec A = 1/sin A = cot A /cos A 
sec A = 1/cos A = tan A /sin A 
cot A = 1/tan A = cos A /sin A 

2. tan A = (sin ^4)/(cos A) = sin ,4 sec A 

3. sin ,4 = cos (90° - A) = sin (180° - ^4) 
cos A = sin (90° - ^4) = — cos (180° — A) 
tan A = cot (90° - A) = — tan (180° — ,4) 
cosec A = sec (90° — A) = cosec (180° — A) 
sec ^4 = cosec (90° — A) = — sec (180° — ^4) 
cot A = tan (90° - A) = — cot (180° — ^4) 

4. sin 2 ^4 + cos 2 A = 1 ; sec 2 ^4 — tan 2 A = 1 

(Note : sin 2 /4 is the square of sin A) 

• a , „/r" z~~^ ■ tan ^4 

sin ^4 = ± VI 



cos 2 ,4 = ± 



cos A = ± Vl — sin 2 A = ± 



Vl + tan 2 A 



= ± 



= ± 



Vl + cot 2 A 
cot A 



VT + tan 2 A Vl + cot 2 A 

the choice of signs being determined by the quadrant. 

5. sec 2 A = 1/cos 2 ,4 = 1 + tan 2 A 
cosec 2 A = 1/sin 2 ^4 = 1 + cot 2 A 

6. sin (,4 + B) = sin ,4 cos B + cos ,4 sin B 

cos 04 + B) = cos ,4 cos B — sin ,4 sin B 

tan ,4 + tan B 

tan 04 + B) = z -: =- 

v y 1 — tan A tan B 

7. sin (A — .B) = sin A cos .B — cos A sin J5 
cos (,4 — f?) =' cos A cos B + sin A sin i? 

tan ^ — tan B 

tan 04 — B) = - — ■ -: — — — 

v y 1 + tan ,4 tan i? 

8. Negative angles (Fig. 6.15) 

sin (- A) = XP 4 /OP 4 = - (XPi/OPi) = - sin A 

cos (- A) = OX/OP 4 = OX/OP i = cos A 

tan (- A) = XP 4 /OX = - (XPi/OX) = - tan A 

cosec (- A) = OP 4 /XP 4 = - (OPi/XPO = - cosec A 

sec (- A) = OP 4 /OX = OPj/OX = sec A 

cot (- A) = OX/XP 4 = - (OX/XP0 = - cot A 

2tanA 
2 sin A cos A 



9. sin 2,4 
cos 2,4 
tan 2/1 



1 + tan 2 A 

cos 2 A - sin 2 A = 1 —2 sin 2 ,4=2 cos 2 A - 1 

2 tan ,4 cot 2 ,4 — 1 

cot 2,4 = 



1 - tan 2 ,4 ' """ """ 2 cot ,4 

10. sin \A = ±VK1 - cos ,4) = ± (} V 1 + sin~A - iVl 



cos \A 
tan £,4 



_ . — . sin/4 ) 

±Vi(l + cos ,4) = ± (iVl + sin ,4 + £-\/l - sin A ) 
1 — cos A sin ,4 



sin ,4 



1 + cos ,4 



(69) 
(70) 
(71) 

(72) 

(73) 
(74) 
(75) 
(76) 
(77) 
(78) 
(79) 

(80) 
(81) 

(82) 
(83) 

(84) 
(85) 

(86) 

(87) 
(88) 

(89) 



(90) 
(91) 
(92) 
(93) 
(94) 
(95) 

(96) 

(97) 

(98) 

(99) 
(100) 

(101) 
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1 - 3 tan 2 4 



11. sin 34 = 3 sin A - 4 sin 3 4 3 tan /I - tan 3 ,4 

-, >. j ,< ■, a ten 3 A — 

cos 34 = 4 cos 3 4 — 3 cos 4 

12. sin 2 A = 4(1 - cos 24) 
cos 2 4 = Kl + cos 24) 

13. sin 3 A = i(3 sin A - sin 34) 
cos 3 4 = i(cos 34 + 3 cos 4) 

14. Approximations for small angles : 
where 4 is measured in radians 
sin 4 fin A — (4 3 )/6 error for 30° is 0.06% 
cos 4 f*t 1 - (4 2 )/2 error for 30° is 0.35% 
tan 4 ^ 4 + (4 3 )/3 error for 30° is 1.03% 
and for very small angles sin 4 £» 4 



See also Sect. 2(xx). 

f j < A e — i \ A 

15. sin 4 = 



cos 4 =• 



2; 



COS A 'rH \ 

tan 4 ^ 4. 

[Sect. 6, eqn. (19)] 
[Sect. 6, eqn. (20)] 



16. versine 4 = 1 - cos 4 = 2 sin 2 (4/2) 



(102) 

(103) 
(104) 
(105) 
(106) 



(107) 
(108) 
(109) 
(110) 
(HI) 
(112) 

(113) 

(114) 
(115) 



SECTION 4 : PERIODIC PHENOMENA 

The rotation of a wheel and a train of waves are two examples of periodic phenomena, 
that is to say the same action takes place repeatedly, each of such phenomena being 
called a " cycle." The number of cycles which occur in 1 second is called the fre- 
quency, and is expressed in one of the forms 

cycles per second c/s 

kilocycles per second Kc/s 

megacycles per second Mc/s. 

If we take a point (P in Fig. 6.16) which is rotating with uniform angular velocity* 
about the point O, we can plot the height PX against the angle of rotation ( 9). When 
P is at A (which we may regard as the zero point, since here 9 = 0), PX = O, and 
we mark point B. When P is at angle 0, the perpendicular PX gives point C, and 
CK = PX. When 9 = 90°, P will be at the top of the circle, giving D on the curve. 
When 9 = 180°, P will be at the extreme left hand side of the circle, and the height 
above OA will be zero, thus giving point E. When 9 = 270°, P will be at the bottom 
of the circle, giving point F on the curve. Lastly, P will return to point A (the zero 
point) and the height will be zero, point G. If the process is continued, the curve 
(GH etc.) will repeat the shape of the first cycle (BD etc.) and so on indefinitely. 
Thus BCDEFG lepresents one cycle. 

The length PX = r sin 9, so that its 
projected height CK is proportional to 
the sine of 9. The curve is therefore 
called a " sine curve " or " sine wave." 
A cosine curve has exacdy the same 
shape, except that it begins at D (since 
Angle o" " 90" 18C 270" 360" 4so cos 0° = 1) and the cycle ends at H. 

The motion of the point X, as it oscillates about O between the extremes A and A' 
is called Simple Harmonic Motion. 

Angular velocity (usually represented by the small Greek letter omega — w) is the 
number of radians per second through which the point P travels. In each revolution 

♦i.e. uniform rate of rotation. 
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(360°) it will pass through 2tt radians, and if it makes / revolutions per second, then 
the angular velocity will be 

a> = 2tt/ radians per second 
where / = frequency in cycles per second. 
In most mathematical work it is more convenient to write to than to write 2nf. 



SECTION 5 : GRAPHICAL REPRESENTATION AND j 

NOTATION 

(?) Graphs («) Finding the equation to a curve (in) Three variables (iv) Vectors 
and j notation. 

(i) Graphs 

Graphs are a convenient representation of the relationships between functions. 
For example. Ohm's Law 

E = RI 
may be represented by a graph (Fig. 6.17) in which / is plotted horizontally (on the 
X axis) and E vertically (on the Y axis) for a constant value of R. 

Any point P on the plotted '" curve " has its position fixed by coordinates. The 
horizontal, or x— coordinate (OQ) is called the abscissa, while the vertical, or 
y — coordinate (QP) is called the ordinate. The position of the point is written as 
a, b, thus indicating that x = a and y = b } where a = OQ and b = QP. 

Anv function of the form 

y = mx + n (m and n being constants) 
is a linear equation, since the plotted curve is a straight line. It only passes through 
the origin (O) if n = 



In the general case, the 
axes extend in both direc- 
tions about the origin (Fig. 
6.18) forming four quad- 
rants and allowing for neg- 
ative values of both x and 3> . 
These are known as " Car- 
tesian Coordinates." 



When the two variable 
quantities in an equation 
can be separated into 
" cause " and " effect," the 




FIRST 
QUADRANT 



<> 



■»•>' FIG. 6- 1 8 

cause " (known as the independent variable) is plotted 
horizontally on the x axis, and the " effect " (known as the dependent variable) vertic- 
ally on the y axis. In other cases the choice of axes is optional. 

Any convenient scales may be used, and the x and y scales may differ. 
The procedure to be adopted to plot a typical equation 
y = 2x 2 + Ax - 5 
is as follows. Select suitable values of x (which will be regarded as the independent 
variable) and calculate the value of y for each : 
x = 3 



= 2 
= 1 

s= 



y = 18 + 12 


- 5 = + 25 


y = 8 + 8 


- 5 = + 11 


y = 2 + 4 


-5 = + 1 


y = + 


- 5 = -■ 5 


y = 2 - 4 


- 5 = - 7 


y = 8 - 8 


- 5 = - 5 


y = 18 - 12 


- 5 = + 1 



Then plot these points, as in Fig. 6.19A and draw a smooth curve through them. 
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The tangent at any point (e.g. P in Fig. 6.19A) is a straight line which is drawn so 
as to touch the curve at the point. The slope of the tangent, which is the same as 
that of the curve at the point, is defined as the tangent of the angle 8 which it makes 
with the X axis. Between points B and C on the curve, 8 is positive, therefore tan 
is positive and the slope is called positive. Between points B and A the angle 8 is 
negative, and the slope negative. At point B, 8 = and the slope is zero. It is 
important to remember that the curve normally extends in both directions indefinitely 
unless it has limits, or turns back on itself. It is therefore advisable, when plotting 
an unknown function, to take very large positive and negative values of x and cal- 
culate the corresponding values of v, even though the points cannot be plotted on 
the graph paper. This will indicate the general trend of the curve beyond the limits 
of the graph paper. 




FIG. 6.I9A 

The equations of some common curves are : 

Straight line through origin 

Straight line not through origin 

Circle with centre at origin 

Circle with centre at (h, k) 

General equation of circle 

Ellipse 



v = mx 

y = mx + n 

y 2 = r 2 — x 2 

(x - h) 2 + (v 

x 2 + y 2 + dx + ey + f = 

x 2 v 2 



k) 2 = 



Hyperbola 



b 2 
= 2px 
P/2,y 



(1) 

(2) 
(3) 
(4) 
(5) 

(6) 
(7)< 



(8) 
(9) 



Parabola (origin at vertex) 

Focus is at x = p/2, y = 

Areas and average heights 

The average height of a curve (i.e. the average length of the ordinates) may be de- 
termined by dividing the area beneath the curve into strips of equal width, and then 
using either the Trapezoid Rule or Simpson's Rule [see Sect. 3 eqn. (54)] to deter- 
mine the area, and dividing the area by the length (abscissa). 
Logarithmic paper 

Logarithmic ruled paper is frequently used in the plotting of curves, particularly 
when the x or y coordinates cover a range of 100 : 1 or more. Single cycle* paper 
accommodates a range of 10 : 1, and may be drawn by hand, using the whole of the 
C scale, or half the B scale on a slide rule. Two " cycle " log paper accommodates 
a range of 100 : 1, and may be drawn with the whole B scale on a slide rule. Each 

* Strictly this should be called single decade. 
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of the " cycles " has the same linear length. Additional " cycles " may be added as 
desired (for examples see a.v.c. characteristics in Chapter 27). 

FIG. 6. 19 b 

Occasionally it is desirable to use log. 
log. ruled paper ; this is ruled logarithmic- 
ally on both X and Y axes. An important 
feature of this form of representation is 
that a curve of the type 

y = ax n 
is shown as a straight line with a slope of n 
where the slope is measured as the number 
of " cycles " on the Y axis per " cycle " 
on the X axis (see Fig. 6.19B). 

In plotting readings (say for a valve I bi 
E b characteristic) which are likely to follow 
a power law, it is often helpful to use log. 
log. paper. A straight line indicates a 
true power law, and its slope gives the value of the exponential — usually not an integer. 
A slightly curving line indicates a close approach to a power law, and a tangent or 
chord may be drawn to give the slope at a point or the average over a region. 

(ii) Finding the equation to a curve 

A method which may be used to find the equation to a curve is given by K. R. Sturley 
in his book " Radio Receiver Design — Part 1 " (Chapman and Hall, London, 1943) 
pages 419-421. 



(iii) Three variables 

The plate current of a triode is given 
approximately by 

I b =K(,xE c +£,)•/'■' 
In one typical case K = 10 x 10 -6 mhos 
(the perveance) 

and n = 20. 
Here there are three variables, E e , E b and 
I b . We can select a suitable value of E b , 
calculate the curve, and then repeat the 
process for other values ofE b . Here E b is 
called the parameter. 







FIG.6.20 


/ 




•7 




// ■ 



2o\ 
(mA) 



-14 -12 -IO -8, -J 



'(Voltsf 



If E b = 250 volts, the plate current in milliamperes will be 
j b = 10~ 2 (20 x E„ + 250) 3 / 2 mA 

If E e = 0,I b = 10- 2 (0 + 250) 3 ' 2 = 10~ 2 (250) 3 ' 2 & 39 mA 

E e = - 4, I b = 10~ 2 (- 80 + 250) 3 ' 2 = 10- 2 (170) 3 / 2 ft* 22 mA 
Ec= - 8, /„ = 10- 2 (- 160 + 250) 3 / 2 = 10~ 2 (90) 3 / 2 ft 8.5 mA 
E c = - 12, I b = 10~ 2 (- 240 + 250) 3 / 2 = 1(T 2 (10) 3 / 2 ^ 0.3 mA 

These points have been plotted in Fig. 6.20, and a curve has been drawn through 
them marked E b = 250 V. 

Similarly, for E b = 150 V, 

If E c = 0, I b = 10~ 2 (0 + 150) 3 / 2 = 10" 2 (150) 3 / 2 ^ 18 mA 
E e = - 2, J b = 10~ 2 (- 40 + 150) 3 / 2 = 10" 2 (HO) 3 / 2 ^ 11.5 mA 
E e = - 4, I b = 10~ 2 (- 80 + 150) 3 / 2 = 10~ 2 (70) 3 / 2 ft* 5.8 mA 
E e = - 6, I b = 10" 2 (- 120 + 150) 3 ' 2 = 10" 2 (30) 3 ' 2 ^ 1.6 mA 

Cut off occurs at E e = - (150/20) = — 7.5 volts. 
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These points have been plotted and a smooth curve drawn through them. Similar 
curves could be drawn for any other plate voltage, thus forming a " family " of curves. 
This is actually a three-dimensional graphical diagram reduced to a form suitable 
for a flat surface. 

(iv) Vectors and j notation 

Any physical quantity which possesses both magnitude and direction is called a 
vector. Vectors may be represented on paper by means of straight lines with arrow- 
heads. The length of the line indicates (to some arbitrary scale) the magnitude of 
the quantity, and the direction of the line and arrow-head indicates the direction in 
which the vector is operating. The position of the line on the paper is of no con- 
sequence. 

Addition of vectors 

Vectors may be added by drawing them in tandem, and taking the resultant from the 

beginning of the first one to the end of the 
last one. Fig. 6.21A shows two vectors, 
a and b, which are added together to give 
the resultant c. Exactly the same result 
is obtained by placing a and b together, as 
in Fig. 6. 2 IB, completing the parallelo- 
gram, and taking c as the diagonal. Vec- 
tors are generally printed in bold face type, 
to distinguish them from scalar values, 
which have no direction, although they 
have magnitude and sign (i.e. positive or 
negative). 

Vector negative sign 

A vector ( — a) has the same magnitude 
as a vector (a) but its direction is reversed. 

Subtraction of vectors 

The vector to be subtracted is reversed in 
direction, and then the vectors are added. 

In Fig. 6.22, to find a — b, the direction of b is reversed to give (— b) and then a 
and (— b"> are added to give the resultant (a — b). 
Multiplication of a vector by a number («) 
The resultant vector has the same direction, but its length is increased n times 

e.g. a x n — na 




FIG. 6.22 




FIG.6.23 





The scalar product of two vectors 

The scalar product of two vectors (a and b in Fig. 6.23) is ah cos 6, where 8 is 
the angle between them. This may be written 

a . b = ab cos 6 
where a . b indicates the multiplication of two vectors. From Fig. 6.23 it will be 
seen that the scalar product is the product of the magnitude of one vector and the 
" projection " of the other on it. 
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Components of a vector 

Any vector can be resolved into two component vectors in any two desired directions. 
For example, in Fig. 6.21 the vector c can be resolved into the component vectors 
a and b. If the component vectors are at right angles to one another they are called 
rectangular components ; in such a case they are usually taken horizontally (along 
the X axis) and vertically (along the Y axis). The vector OA in Fig. 6.24 can be 
resolved into two rectangular components OB and OC where 
|OBl = |OA| cos 0, |OC| = |OA| sin 6. 
Polar coordinates 

An alternative form of defining a vector OP is 

OP=rZ« 
where r is the magnitude of OP, and /_ 6 indicates that there is an angle 6 between it 
and OX (Fig. 6.25). 

A graphical device has been described* for the con- Y 
version from complex to polar forms. 

Rotating vectors** (j notation) 

If a vector X (OA in Fig. 6.26) is rotated 90° in a 
positive direction to a position OB, the new vector is 
called 7X, and j is described as an " operator " 
which rotates a vector by 90° without changing 
its magnitude. 

If the vector j'X (OB in Fig. 6.26) is operated upon 
by/, it will be rotated 90° to the position OC, 
where it is called ; 2 X, the p indicating that it has 
been rotated 2 x 90° = 180° from its original position OA. 

If the vector / 2 X (OC in Fig. 6.26) is operated upon by j, it will be rotated 90° to the 
position OD, where it is called pX, thcp indicating that it has been rotated 3 x 90° 
= 270° from its original position OA. 

If the vector y 3 X (OD in Fig. 6.26) is operated upon by j, it will be rotated 90° to 
the position OA where it would be called y 4 X, they 4 indicating that it has been rotated 
4 X 90° = 360° from its original position OA. 

There is an important deduction which is immediately obvious, p indicates a 
B reversal of direction which is the same as 

a change of sign. The operator p is 
therefore equivalent to multiplication 
by - 1. 

If the operator p is applied twice in succes- 
sion, the result should be equivalent to multi- 
plication by — 1 twice in succession, i.e. 
(— l)x(— 1) = +1. This is so, because 
the operator p brings the vector back to its 
original direction. 

Since the operator p is equivalent to multi- 
plication by — 1, we may deduce that the 
operator j is equivalent to multiplication by 
V — 1, even though this in itself does not 
mean anything. 




i'x 



Operator 



P 
j 4 * 



Equivalent to multiplication by 

— i 
-V- 



i 

+ i 



(same as operator ;' 3 ) 



*Snowdon 3 C. "A vector calculating device," Electronic. Eng. 17.199 (Sept. 1944) 146. 
♦•Also called " radius vectors." In pure mathematics " i " is used in place of "j." 
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Operator 
1 

/ 
1 

—j ~ 



Equivalent to multiplication by 



-y/ — 1 (same as operator -— /) 



V — 1 (same as operator /) 



See Chapter 4 Sects. 4(v), 5(v) and 6 for the application of the/ notation to a.c. 
circuits. 

The direction of any vector can be defined in terms of the/ notation. In Fig. 6.25, 
OX represents the axis of reference, OP the vector, and the angle of rotation of OP 
from OX. The perpendicular PA may be drawn from P to OX and then, by the 
simple theory of vectors, OP is the sum of the vectors OA and AP. Using/ notation, 
we may say that 

OP = a + jb 
which means that the vector OP is the vector sum of a and b, where a is in the direction 
of the reference axis OX and b is rotated 90° from OX. In other words, a is the 
component of OP in the direction OX, and b is the component of OP in the direction 
OY. The values of a and b are given by 
a = OP cos 0, b = OP sin 0, 

where = tan - 1 b/a. 

This is sometimes called the Argand Diagram. 

In electrical a.c. circuit theory (Chapter 4) it is well known that the current through 
an inductance lags behind the applied voltage, while the current through a capacitance 
leads the voltage. This is most clearly shown by rotating vectors. It should be borne 
in mind that all the vectors are rotating at the same angular velocity — one revolution 
per cycle of the applied voltage — and that the pictorial representation is for any one 
instant. Fig. 6.27 shows the vector diagram for peak a.c. current (/) flowing through 
a resistance (R) and an inductance (L) in series. The current vector (I) may be placed 
in any convenient direction — say horizontally (Fig. 6.27) ; a solid arrow head is used 
to distinguish it from voltage vectors. The peak voltage drop (RI) in the resistance 
must be " in phase " with the current, and is so shown. The scale to which the 
voltage vectors are drawn has no connection with the scale to which the current (I) 
is drawn — in fact we are here only concerned with the direction of I. The peak 
voltage drop across L is wLI = X L l, and this vector is drawn vertically so as to lead 
the current I by 90°. The total peak voltage drop (E) is found by " completing the 
parallelogram of vectors " as previously. It will be seen that I lags behind E by the 
angle 0. 




A similar procedure applies with a capacitance instead of an inductance (Fig. 6.28) 
except that the capacitive reactance is X c instead of X L and the vector of peak voltage 
drop across C (X C I) is drawn vertically downwards, since it must be opposite to X i I. 
The current (I) here leads the voltage (E) by the angle 0. 
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SECTION 6: COMPLEX ALGEBRA AND DE MOIVRE'S 

THEOREM 

(i) Complex algebra with rectangular coordinates (zV) Complex algebra with polar 
coordinates (iti) De Moivre's Theorem. 

(i) Complex algebra with rectangular coordinates 

Complex algebra should preferably be called " the algebra of complex quantities," 
and it is really quite simple to understand for anyone who has even a limited know- 
ledge of mathematics. 

It was explained in Section 
5 that the letter/* in front of 
a vector indicated that it had 
been rotated 90° from the 
reference, or positive X, axis 
(Fig. 6.29). We can make 
use of this procedure to in- 
dicate the magnitude and 
direction of any vector. In 
Fig. 6.30 the vector OP, with magnitude 5, has been resolved into the rectangular 
components — 

OA = 4 in the + X direction 
and AP = 3 in the jX direction (90° to X). 
The X axis is taken horizontally through O, and is sometimes called the " real " axis, 
while the jX direction is called "imaginary." It is therefore possible to describe 
OP in both magnitude and direction by the expression 

4 +/3. _ 

Its magnitude is the vector sum of 4 and 3, which is V4 2 + 3 2 = \/25 = 5. Its 
direction is given by the angle from the X axis, where cos = 4/5. 

Any other vector, such as a in Fig. 6.31, can similarly be resolved into its com- 
ponents : 

b = a cos in the X direction 
and c = a sin in the jX direction 




and be written as 



where 



b -f jc 
b = a cos 
and c = a sin 




The expression b + jc is called a complex quantity, the 
word " complex " indicating that the addition is not to be 
made algebraically, but by vector addition. 

This use of a complex quantity such as b + jc is not 
limited to true vectors, but is found useful in many applica- 
tions in electrical engineering. Its application to alter- 
nating currents is covered in Chapter 4, and the following treatment is a general 
introduction to the methods of handling complex quantities. 
Modulus 

The modulus is the magnitude of the original vector (a in Fig. 6.31) and is numeric- 
ally equal to the square root of the sum of the squares of the magnitudes of the two 
components, 

la | = Vb* + c* (1) 

Addition and subtraction of complex quantities 

The primary rule is to place all " real " numbers together in one group and all 
" imaginary " numbers in another. These two groups must be kept entirely separate 
and distinct throughout. The final form should be 
(...)+/(...). 

•Or i in pure mathematics. 
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Example : Add A + jB, C + jD, E - jF. 
Total is A + C + E + jB + jD - jF 

= (A + C + E) + j (B + D - F). 

Multiplication of complex quantities 

The multiplication is performed in accordance with normal algebraic laws for real 
numbers, j 2 being treated as — 1 . 

Oi + jyi)(x 2 + jy 2 ) = x x x 2 -\- jy x x 2 + jy 2 x x + j 2 y x y 2 

= (x x x 2 - y x y 2 ) + j (x t y 2 + x 2 y x ) (2) 

Division of complex quantities 

The denominator should be made a real number by multiplying both the numerator 
and the denominator by the conjugate of the denominator (i.e. the denominator with 
the opposite sign in front of the j term). 

*i + /yi = Oi + jyi)(x 2 - jy 2 ) ^ x x x 2 + jy x x 2 - jx t y 2 + y x y 2 
*2 + jy 2 ~ (x 2 + jy 2 ){x 2 - jy 2 ) ~ x 2 2 + y 2 - 

fx 1 x 2 + yiy 2 \ _ .f x t y 2 - yiX 2 \ 

V x 2 * +y 2 * J J \ x 2 * +y 2 * J K ' 

Similarly 

* +jy (x +jy)(x -jy) Vx 2 + y/ J \x* + y*J K ' 

Square root of complex quantities 

To find the square root of (a -f jb), assume that the square root is (x + jy) and 
then proceed to find x and y. 

{x + jy) 2 = O + jy){x + jy) = x 2 - y* + 2jxy 
Therefore a + jb = (x 2 - y 2 ) + 2jxy = (x 2 - y 2 ) + j(2xy) 
Therefore (x 2 — y 2 ) = a 
and 2xjy = b. 

Modulus = r = Va 2 + b T 

Square of modulus of (x + jy) = x 2 + y 2 
Therefore x 2 + y 2 = r 
But x 2 — y z = a (see above) 

Therefore x 2 = |(r + a) and y 2 = %(r — a) 

Therefore x = ± V~¥r + a) and y = ± y/¥x — a) (5) 

The signs should be checked to see which are applicable 

(ii) Complex algebra with polar coordinates 

In complex numbers we can write (Fig. 6.31) 
a = b + jc 
but b = \a\ cos d 
and c = \a\ sin 8 
Therefore a = \a\ cos d +j \a\ sin 6 

Therefore a = \a\ (cos 9 + j sin 6) (6) 

Here \a\ is the magnitude of the vector and (cos 6 + j sin 6) may be called the 
trigonometrical operator which rotates the vector through the angle in a positive 
(counter-clockwise) direction from the x axis. 
As explained in Sect. 5(iv), a vector may be denned by 

r L 6 
where r is the magnitude and /_ 9 the angle between the vector and the reference axis. 
It will therefore be seen that the trigonometrical operator (cos d + j sin 8) is effectively 
the same as /_ 9 with polar coordinates. 

i.e. Z. 6 = cos 8 + j sin 9 (7) 

Pure mathematical polar form 

By the use of the Exponential Series we can express c x in the form (Sect. 2, eqn. 87) 

y2 Jj*3 yl 

«■ = 1 + * + 2] + T\ + 4! + 
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Putting j 8 for x we obtain 

T; ' 2! ' 3! i 4! ' 5! + " 

02 03 04 05 

= i +^-2T~ ; 3T + 4r +y y! "•• 

Grouping the j terms, 

. 2 8* 6 3 5 

*° = (1 ~ 2T+T! - • • •> + ' ( * - 3T+1T - • •> 

But cos 8 = I — yj- + — — . . . from eqn. (17) below 

e 3 5 

and sin 0=0 — xj + -^ — ... from eqn. (18) below. 

Therefore e^ = cos + j sin 6 (8) 

Thus the pure mathematical polar form is 

|a|€'« 
and is called the Exponential Form. 

The vector can thus be written in the various forms 

a =b +jc (9) 

a = \a\ L0 (10) 

a = \a\ € id (11) 

a = ja| (cos 9 +j sin S) (12) 

a = \a\ cos +j|a| sin 8 (13) 

A graphical method for converting from the complex form (b + jc) to the polar 

form and vice versa has been described.* It will therefore be seen that there is a 

connection with the operator j : 

j turns a vector through a right angle 
(cos 8 + j sin 0)"^ 

> turns a vector through an angle 0. 
or e 3 " J 

Addition and subtraction in polar form 

Addition and subtraction may be done either graphically, or by expressing each 
in rectangular components and proceeding as for rectangular coordinates. 
Multiplication of polar vectors 

The product is found by multiplying their magnitudes and adding their angles. 
Division of polar vectors 

The quotient is found by dividing their magnitudes and subtracting the angle of 
the divisor from the angle of the dividend. 
Square root of polar vectors 

The root is found by taking the square root of the magnitude and half the angle. 

(iii) De Moivre's Theorem 

De Moivre's Theorem states that 

(cos + j sin 0)" = cos nd + j sin nd (14) 

where n may be positive or negative, fractional or integral. 

It was explained in (ii) above that (cos0 + j sin0) may be regarded as a trigono- 
metrical operator which rotates the vector through an angle 0. If this is applied twice 
in succession, the trigonometrical operator becomes 

(cos + j sin 0)( cos + j sin- 0) = (cos + / sin 0) 2 
giving a total rotation of an angle 20. 

Similarly if this is applied three times in succession, the trigonometrical operator 
becomes 

(cos + j sin 0)(cos + j sin 0)(cos 8 + j sin 0) = (cos + j sin 0) 3 
giving a total rotation of an angle 3 0. 

♦Snowdon, C. " A vector calculating device " Electronic Eng. 17.199 (Sept. 1944) 146. 
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Thus, in the general case, the trigonometrical operator (cos +7 sin 0)" gives a 
rotation of an angle nd which, as explained above, is equivalent to a trigonometrical 
operator 

(cos nd + j sin nd). 
We have, in this way, proved De Moivre's Theorem for the case when n is a positive 
integer, and indicated the significance of the Theorem. 

Application of De Moivre's Theorem : 

1. To express cos nd and sin nd in terms of cos 6 and sin 0, where « is a positive 
integer. 

Cos nd + j sin nd = (cos d + j sin d) n 

= cos" d + nj cos" -1 d. sin d + - — - — ; 2 . cos"- 2 d. sin 2 8 + . . . 

(as in Sect. 2, eqn. 83). 
Then equate the real and imaginary parts of the equation, giving 

/> n* < n ~ V n- i0 ■ .n . *(» ~ D(» ~ 2)(» ~ 3) ■ 

cos nd = cos"0 — -z — cos*^ 2 0. sin 2 + vj cos^*0. 

sin 4 + . . . (15) 

n(n - 1)(» - 2) 
sin nd = moos*- 1 p. sin d — — } cos"~ s 0. sin 3 + 

„ ( „ _ i) ( „ _ 2 )(„ _ 3)(« - 4) n _ 5 . 

cos" 5 0. sm 5 + . . . (16) 



5! 

2. To express cos d and sin in terms of 8, write in the form «( 0/n) and expand 
the sine and cosine as in eqns. (15) and (16). When n becomes large, cos ( B/ri) 
may be taken as unity and sin (0/n) as (0/n) itself. In the limit as n tends to 
infinity it can then be shown that 

2 0* 0« 
cosfl = 1 -2! + 4!-i! + --- < 17 > 

0» 5 7 

sin0 = 0- 3J-+ j]" 7j + -.- ( 18 ) 

where is expressed in radians. 

3. To express sin and cos in terms of e y . 

By substituting jd in place of x in the Exponential Series (Sect. 2, eqn. 87), and by 
using the relationship 

g*0 = cos + j sin 
and equations (17) and (18) we may obtain 

sin = -. (19) 

e /0 + e -;0 
and cos = ^ (20) 
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SECTION 7: DIFFERENTIAL AND INTEGRAL CALCULUS 

(*) Slope and rate of change (») Differentiation (iii) Integration (iv) Taylor's 
Series (v) Maclaurin's Series. 

(i) Slope and rate of change 

The slope of any straight line is the ratio of the lengths of the vertical and hori- 
zontal projections of any segment of the line. In Fig. 6.32 the line QP has its vertical 
projection MN and horizontal projection AB ; its slope is therefore MN/AB. Its 
slope could equally well be based on the projections of its segment CP, and its slope 
BP/CB. In both cases the result is the same, and is equal to the tangent of the angle 
of inclination which the line makes with the horizontal axis — 
slope = MN/AB = BP/CB = tan 6. 

The lengths of the projections must be measured in terms of the scales to which 
the line is drawn. Thus horizontal projections such as CB must be measured, not 
in inches, but in the equivalent number of units corresponding to the length CB on 
the X axis. Similarly with the vertical projections on the Y axis, which usually has 
quite a different scale from that for the X axis. 





b x 



If the line QP in Fig 6.32 is rotated approximately 90° in the counter-clockwise 
direction, the result will be as shown in Fig. 6.32A, the angle being more than 90°. 
The vertical projection is RS and the horizontal projection is DE. The slope is there- 
fore RS/DE or OF/GO, the latter applying to the segment FG. It is important in 
all this work to consider the directions as well as the magnitudes of the lines : OF is 
in a positive direction but GO is in a negative direction. We can therefore replace 
GO by — OG ; the slope of QP will then be given by -(OF/OG) which is described 
y as a negative slope. The loadlines on 

valve plate characteristics are examples of 
lines with negative slope (e.g. Fig. 2.22). 
When a line is curved, its slope varies 
from point to point. The slope at any 
point is given by the slope of the tangent at 
that point. In Fig. 6.33 the curve is QPR, 
and the slope at P is given by BP/CB or 
tan 8. 
Rate of change 

One of the most important relationships 
between the variables in any law, formula 
or equation is the rate of change of the 
whole function with its independent vari- 
able. 
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Definition 

The rate of change is the amount of change in the function, per unit change in the 
value of the independent variable. The rate of change of the function is therefore 
the ratio of change in the function to the change in the variable which produces it. 
Consider the equation for a straight line 

y = ax + b 
where a and b are constants. Let us take two values of x, one equal to x x and the other 
(x t + Ax), where Ax is a small increment of x. 
Point 1 : x = x x ■'■3'i = o*i + b (1) 

Point 2 : x = (x x + Ax) .". y 2 = a(x x + Ax) + b (2) 

C^i - yi) = a.Ax 
Ay = a. Ax 
Ay 



Subtracting (1) from (2), 
Putting (y 2 -y x ) = Ay, 



Dividing both sides by Ax, 



Ax 



(3) 



Here Ay is the amount of change in the function for a change Ax in the independent 
variable. The " rate of change " is denned as the amount of change in the function 
per unit change in the independent variable, that is 

rate of change = Ay/ Ax (4) 

Referring to Fig. 6.34, we have a graph of y = ax + b which is, of course, a straight 
line cutting the Y axis at a height b above the origin. The first point (x u y x ) is at P, 
and the second point (x x + Ax, y x + Ay) is at Q. In the preceding argument we 
found that Ay/ Ax = a. In Fig. 6.34 Ax = PR and Ay = RQ, so that Ay/ Ax = 
RQ/PR, which is the slope of the line y = ax + b. Thus 

RQ Ay 

slope = pR =Tx =a (5) 

Equations (4) and (5) prove that the rate of change is the same as the slope 
for a straight line. 

We now proceed to consider the general case when the function is not linear. In 
Fig. 6.35 there is plotted a function which may be of the form 

y = ax 2 + bx + c 
where a, b and c are constants. As before, the independent variable (x) is plotted 
horizontally, while the dependent variable (y) is plotted vertically. The vertical 
coordinate of any point P (i.e. AP in Fig. 6.35) represents, to its proper scale, the value 
of ax 2 + bx + c which is a function of x, while the horizontal coordinate (OA) re- 
presents, to its own scale, the value of x. 




As with the simpler case of the straight line, take a second point (Q) with its x 
coordinate increased by Ax. Also, as before, call the increment in the y coordinate 
Ay. It will therefore be seen that, commencing at point P, an increment (Ax = PC) 
in the value of x results in an increment (Ay = CQ) in the value of y. 

The average rate of change over this increment is, as before, Ay/ Ax which is 
the slope of the chord PQ and the tangent of the angle 2 which PQ makes with the 
horizontal. If now, leaving point P unchanged, we gradually move Q along the curve 
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towards P we will see that, as Q approaches P, 2 approaches d r until in the limiting 
case the slope of the chord approaches the slope of the tangent (PT). The tangent 
to a curve at any point shows the instantaneous slope of the curve at that point and 
therefore the instantaneous rate of increase of the function at that point. 

(ii) Differentiation 

We may express the foregoing argument in the mathematical form of limits — 

Lt (Ay/ Ax) = tan 6 X (6) 

Ax-+ 
which says that the limit (as Ax is made smaller and approaches zero) of Ay/ Ax 
is tan 6 1 or the slope of the tangent PT, which is the instantaneous rate of increase 
at point P. 

This is given the symbol dy/dx which is " the differential coefficient (or de- 
rivative) of y with regard to x," and is spoken of as " dee y by dee x." 

It should be noted that dy/dx is a single symbol, not a fraction, and is merely a 
short way of writing 

Lt (Ay/ Ax). 
Ax- 

Differentiation is the process of finding the differential coefficient (or derivative). 
Some examples are given below and in each case the result may be obtained by con- 
sidering the increase in the function which results from an increase Ax in the inde- 
pendent variable. 

Note : u and v are functions of x ; a, b and c are constants. 

1. Derivative of a constant [v = c] dy/dx = (7) 

2. Derivative of a variable with respect to itself 

[v = x] : dy/dx = dx/dx — 1 (8) 

3. Derivative of a variable multiplied by a constant 

[v = ex] : dy/dx = c (9) 

4. Derivative of powers of a variable 

[y = x 2 ] : dy/dx = 2x (10) 

[y = x z ]: dy/dx = 3x 2 (11) 

[y = x 4 ] : dy/dx = Ax 3 (12) 

[v = x"] : dy/dx = nx n_1 (13) 

This applies for n negative as well as positive. 

5. Derivative of a constant times a function of a variable 

[v = ex 2 ] : dy/dx = 2cx (14) 

[v = cm] : dy/dx = ^.du/dx (15) 

6. Derivative of fractional powers of a variable 

[y = x*] : rfv/rfx - iar* (16) 

[v = x 1 /"] : dy/dx = (l/w)** 1 /"'- 1 (17) 

7. Derivative of a sum or difference 

[y = u ± v] :• dy/rfx = du/ix ± dv/dx (18) 

[v = ax 3 + Z>x 2 - ex] : ciy/ix = 3ax 2 + 2bx - c (19) 

8. Derivative of a product of two functions 

dv du 
[y = u.v] : rfv/dx = m^- + v — (20) 

[jy = (jc + n x 2 ] : <fy/d* = (x + l).2x + xU 

= 3x 2 + 2x (21) 

9. Derivative of a quotient of two functions 

[y = u/v] : 
10. Differentiation of a function of a function 
[y = F(m) where u = F(x)] : 
Ly = m 2 where u = ax 2 + fe] : afv 





du 




dv 




dy 


_ dx 


— \ 


dx 


(22) 


dx 
dy 


dy 


V 2 

du 










— 




(23) 


dx 


~~ du 


dx 






/dx 


= 2(aa 


: 2 + b)(2ax) 


(24) 
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11. [y = €*] : dy/dx = e* (25) 
[y = a.e"**] : 4v/<** = a.m.€ mx (26) 
[y = 6*J *• dy/dx = e u . <*«/<** (27) 

12. [y=log e x]: dy/dx = l/x (28) 
[y = loge «] : </.y/«fc = (1/uXdu/dx) (29) 
[y = log l0 «] : dy/dx = (1/uXdu/dx) log 10 e (30) 

= (0.4343)(1/m)W</*) (31) 

13. [y = sin x] : dy/dx = cos x (32) 
[y = cos x] : dy/dx = — sin * (33) 
[y = tan x] : dy/dx = sec 2 x (34) 
[y = cot x] : dy/dx = — cosec 2 x (35) 
[j; = sec x] : dy/dx = sec x. tan * (36) 
[y = cosec x] : dy/dx = — cosec x. cot x (37) 

14. [y = sin" 1 x] : dy/dx = l/\/\ - x 2 *t (38) 
[y = cos" 1 *] : dy/dx = - l/\/l - x 2 t$ (39) 
[y = tan" 1 x] : dj>/d* =1/(1 + x 2 )$ (40) 

15. [y = sinh x] : afy/^x = cosh x (41) 
[y = cosh x] : dy/dx = sinh * (42) 
[_y = tanh x] : dy/dx = sech 2 x. (43) 

Successive differentiation 

If y is a function of x, then dy/dx will also be a function of * and can therefore be 

differentiated with respect to x, giving 

d ( dy\ , , . . d 2 y 

~r\~r) which is written as vy 

and spoken of as " dee two y by dee x squared." Here again this is only a symbol 

which must be handled in accordance with its true meaning. The same procedure 

may be applied again and again. 

Example : y = x n function F(x) 

dy 

-^— = hjc" -1 derivative F'(x) 

ax 

d 2 y 

r% = n(n — l)*" -2 second derivative F (x) 

dx % 

d 3 y 

— - = n (n — 1)(« - 2)x n ~ 3 .... third derivative F"\x) 
dx 

Application of differentiation 

The plate current versus grid voltage characteristic of a triode valve (for constant 
plate voltage) is a function of the grid voltage, and follows approximately the law 

I v =K{»E t +E P Y» 
where K y n and E v are constants. The derivative with regard to E a is dIJdE gt 
which is the mutual conductance. The second derivative is the rate of change of the 
mutual conductance with regard to E g > and is useful when we want to find the con- 
ditions for maximum or nunimum mutual conductance. 

In Fig. 6.36 there is a curve with a maximum at point M and a minimum at 
point N. It will be seen that the instantaneous slope of the curve at both points M 
and N is zero, that is dy/dx = 0. 

Part of curve : P to M M M to N N N to Q 

Slope (dy/dx) : + ve O — ve O + ve 

d 2 y/dx* : — ve + ve 

A maximum is indicated by : f dy/dx = 

\d?y/dx z negative 

A minimum is indicated by : j dy/dx = 

\d 2 y/dx 2 positive 

t x measured in radians. 

•Positive sign if sin - 1 x lies in first or fourth quadrant, negative sign if sin ~ l x lies in second or third 
quadrant. 

tNegative sign if cos ~ i * lies in first or second quadrant, positive sign if cos ~i x lies in thjrd or fourth 

quadrant. 
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A point of inflection* is indicated by : 

d 2 y/dx 2 
Curve concave upwards indicated by : 
Curve concave downwards indicated by : 

Examples 

(1) To find the maximum value of 
y = 2x — x s + 4 

dy/dx = 2 - 2x 

For a maximum dy/dx = 0, therefore 
2 — 2x = 0, and x = 1. 

This is the value of x at which a maximum, 
or a minimum, or a point of inflection occurs. 

To see which it is, take the second derivative — 
d 2 y/dx 2 = — 2 which is negative. 



= , 

d 2 y/dx 2 positive 
d 2 y/dx 2 negative 




Therefore the point is a maximum. 

To find the value of y at this point, put the value 

(x = 1) into y = 2x — x 2 + 4. 

Therefore y -=2-1+4 = 5. 
(2) To find the points of inflection in the curve 



y 

dy/dx 
d 2 y/dx 2 
For points of inflection, d 2 y/dx 2 = 
Therefore 12x 2 = 



= 4x s - 12x 

= 12x 2 - 12. 
0, therefore 12x a 
12, Thus x = ± 1 



x + 16. 
■ 1 



12 = 



There are thus two points of inflection, one at x = + 1, the other at — 1. The 
values of y at these points are given by substituting these values of x in the function : 
x= + 1:j> = 1-6-1 + 16 = + 10. 
x=-l:y = l-6 + l + 16 = + 12. 
It is always wise to make a rough plot of the curve to see its general shape. Some 
curves have more than one value of maximum and minimum. 
Partial differentiation 

Partial differential coefficients, designated in the form dy/dx (the symbol d may be 
pronounced " der " to distinguish from " d " in dy/dx) are used in considering the 
relationship between two of the variables in systems of more than two variables such 
as the volume of an enclosure having rectangular faces, the sides being of length 
x, y and z respectively : 

v — x y z (44) 

Thus, the rate of change of volume with the change in length of the side x, while 
the sides y and z remain constant, is 

dv/dx = y z (45) 

Similarly dv/dy = z x, where z and x are constant (46) 

And dv/dz = xy where x and y are constant (47) 

In three-dimensional differential geometry, the equation representing a surface may 
be represented generally in the form 

y = F (*, z) (48) 

In this case, the partial differential coefficient dy/dx represents the slope at the point 
(*, y> z) °f the tangent to the curve of intersection of the surface with a plane parallel 
to the plane passing through the x and y axes and separated Dy a fixed distance z 
from the latter. 

Thus dy/dx represents the slope of a tangent to a cross section of a three-dimensional 
solid, the partial derivative reducing the three-dimensional body to a form suitable 
for two-dimensional consideration. " dy/dx " is equivalent to " dy/dx (z constant) " 
when there are three variables, x, y and z. 

*A point of inflection is one at which the curvature changes from one direction to the other (e.g. S 
in Fig. 6.36). It is necessarily a point of maximum or minimum slope. 
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Partial differentials are therefore particularly valuable in representing Valve Co- 
efficients [see Chapter 2 Sect. 9(ix)]. 

Total differentiation 

When there are three independent variables (x, y, z) which are varying simul- 
taneously but independently of each other, 

u = F(x,y,z) (49) 

the total differential is 

du , du , du 

du = dx' dx + o~y dy + dz dz {50) 

and similarly for two, or any larger number of independent variables. 

When the independent variables are functions of a single independent variable (r) 
the total differential with respect to t is 

du du dx du dy du dz 

dt ~ dx dt dy dt dz dt 

(iii) Integration 

Integration is merely the inverse of differentiation. For example — 

d 
Differentiation— ^- (4x 3 + 2) = 12x 2 

Integration— f 12x 2 dx = 4x s + C 

The sign I (called " integral ") before a quantity indicates that the operation of 

integration is to be performed on the expression which follows. 

The dx which follows the expression is merely a short way of writing " with respect 
to x." Just as the constant 2, in the function above, disappeared during the process 
of differentiation, so it is necessary to replace it in the inverse procedure of integration. 
But when we are given the integral alone, we do not know what was the value of the 
constant, so we add an unknown constant C, the value of which may be determined 
in some cases from other information available. 

Useful rules for integrals 

a,b,c = constants ; C = constant of integration ; u and v are functions of *. 

1. (a.F(x) dx = a(F(x) dx ; [adx = ax + C (52) 

2. (« ± v) dx = «Jjc± Iv dx (similarly for more than two) (53) 
J**» dx = —^ x'+i + C (« ^= - 1) (54) 

4. [a x dx = (a*/log e a) + C (55) 

5. f e x dx = e x + C; [*°*dx = (l/a)^* +C (56) 

j xe x dx = e%x — 1) + C ; lx m e x dx = x m t x — m lx m - 1 e? c dx + C* (57) 

e f dv r du 

J u T dx ~ uv ~| v T dx ( m tegration by parts) (58) 

rdx rl 

7. — = - dx = log e x + C := log e c x 

8. \a x loge a dx f= a x + C ; log a x dx = x log„ {x/ e) + C 

r (ax + b) n+1 

9. ^ax+b)»dx= a(w + 1) +C («v--D (61) 

* m > a 



3 



(59) 
(60) 
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(62) 



r dx f 1 

JflX + J ax + 

L JaT+T = J ^T+~& rf * = (1/a2) iax + b ~ b loge {ax + b)] + C (63) 

r x dx C X J r J — i 

2. , — r— — -- = — — dx = — — — , + log, (ax + b)\+ C (64) 

J (ax + &) 2 J (a» + &) 2 a 2 lax + b 'J 

r x 2 dx r * % , 1 [i ax + b y 

3. —r- = —r- dx = -J v ^~- - 2b(ax + b) + 

J ax + b J ax + b a 3 L 2 

6 2 log £ (ax + b)l + C (65) 

/* d x /* 1 1 x 1 x 

4. -— — -= -j— — i dx = - tan" 1 - + C = - - cot" 1 - + C (66) 
J x 3 + a 2 J x 2 + a 2 a a a a 

,. f dx f 1 , 1 , x — a ^ 1, a — x „ „_. 

5- J*=* = J*^** = 2a^ x -T-a + C = 2a l °^a-+~x + C (6?) 

/* dx r 1 

6 " J Va f ^ r= J VaJ^lc* dX = $in " 1 (Va) + C = - cos_1 <* /a) + C (68) 

Jdx /» j 

r 

8. sin ax dx = — (1/a) cos ax + C (70) 

9. cos ax dx = (1/a) sin ax + C (71) 

20. tan ax dx = — (1/a) log e cos ax + C = (1/a) log, sec ax + C (72) 

21. I cosec ax dx = (1/a) log £ (cosec ax — cot ax) + C (73) 

= (1/a) log £ tan (ax/2) + C (74) 

22. sec ax dx = (1/a) log £ (sec ax -+- tan ax) + C (75) 

= (1/a) log, tan [(ax/2) + v /4] + C (76) 

23. cot ax dx = (1/a) log, sin ax + C = — (1/a) log e cosec ax + C (77) 

24. I sin 2 ax dx = x/2 - (l/2a) sin ax cos ax + G (78) 

= x/2 - (l/4a) sin 2 ax + C (79) 

25. J cos 2 ax dx = x/2 + (l/4a) sin 2ax + C (80) 

26. sinh x dx = cosh x (81) 

27. cosh x dx = sinh x (82) 

Rules to assist integration 

1. If the function is the sum of several terms, or can be put into this form, integrate 
term by term. 

2. If the function is in the form of a product or a power, it is usually helpful to 
multiply out or expand before integrating. 

3. Fractions may be either divided out, or written as negative powers. 

4. Roots should be treated as fractional powers. 

5. A function of x may be replaced by w, and then 

jF(x)dx = jF(x)^d M . 
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Areas by integration 

If the area under a given portion of a curve is A (Fig. 6.37), then a small increase 
Jx on the horizontal axis causes an increase A A in area, where 

AA = Ax(y + \Ay). 

As Ax and Ay are made smaller, in the limiting case as Ax approaches zero, the value 
of (y + \Ay) approaches y, 




i.e. 
1 

Ax 



Lt \~AA1 
AxJ 
dA 



oL 

Therefore 



dx 



= y = F(x) 



*H « h*- 



Therefore dA = y.dx = F(x) dx 
Thus A = !ydx = J*F(x) dx (83) 

The area is therefore given by the in- 
tegral of the function, over any desired 
range of values of x. 



Example 

To find the area under the curve v = 3x 2 from x — 1 to x = 4. 

A = (3x 2 dx = x 3 + C 

when x = 1, A = 0, therefore x 3 + C = 0, therefore C = — 1 
when x = 4, ^4 = x 3 - 1 = 4 3 - 1 =63. 

Definite integrals 

When it is desired to indicate the limits in the value of x between which the integral 
is desired, the integral is written, as for the example above, 

•5 



r* = s r- 

| 3x* dx or 

J X — I J ] 



3jc 2 dx. 



These limits are called the limits of integration, and the integral is called the de- 
finite integral. For distinction, the unlimited integral is called the indefinite 
integral. 

The definite integral is the difference between the values of the integral for x = b 
and x = a — 



i 



/(*) dx = 



F(x) 



= F(x = b) - F(x = a) 



(84) 



Owing to the subtraction, the constant of integration does not appear in definite 
integrals. 



Special properties of definite integrals 

f(x)dx = - 1° f(x)dx 

C f{x) dx = f{x) dx + 

J a J a J 



fix) dx + I f{x) dx 



(85) 
(86) 



Examples : 

sin 6 dd = 




I 



— cos 



r/2 



- [- cos tt/2 + cos 0] = + 1 = 1 (87) 



6.7 

n/2 



cos dd 



sin d dd = 





COS 


Odd 









27T 








sin 


6 d6 









21T 








cos 


dd 



sin 9 



i; 
l 

I 

sin 2 n9 d9 = £ 

cos 2 n9d9 = (1 - sin 2 nd d9) d9 = 

The following may also be derived* where m ^ n 
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f/2 

= [sin w/2 - sin 0] = 1 - = 1 (88) 

= [- cos 7T + cos 0] = 1 + 1 = 2 (89) 

= [sin 7T - sin 0] = - = (90) 



= [- cos 2-n + cos 0] = - 1 + 1 = (91) 



-= [sin 2?r — sin 0] = — = 



sin 2 n0 d9 = £ - (l/2w) sin 2n0 



= ir/2 



- tt/2 = w/2. 



f2lT 

Jo 


sin «0 <*0 = 




Jo 


cos n9 d9 = 


|*2tt 

J o 


sin 2 n9 d9 = it 




T27T 

J 


cos 2 n9 d9 = ir 


|*21T 

Jo 


sin m9 cos n9 d9 


= 


/*2tt 

J o 


sin m9 "*n n rf 


/*2tt 

J o 


cos w cos n9 d9 


= 


/*2tt 

J o 


<f0 = 2w 


/*2ff 











{ 



sin n9 cos n9 dd = 



(92) 
(93) 
(94) 

(95) 
(96) 
(97) 
(98) 
(99) 



Average values by definite integral 

The value of the definite integral is the area under the curve between the limits 
on the horizontal (x) axis. The average value of the height is determined by dividing 
the area by the length, or in other words the average value of v is determined by 
dividing the definite integral by the difference in the limiting values of x. 

Examples : 
1. v = 3x 2 from x = 1 to x — 4. 

* 4 if .I 4 



4 - 1 J i 

E m sin 9 frc 

1 C" 
= E m -\ 

77 Jo 



3x 2 dx = ~ I x" 



2. e = E m sin 9 from = to 9 = tr. 

1 



64 



« - a. 

3 



sin d dd = E„ 



2 



*This also applies with limits from A to (k + 2-n). 
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This is the average value of a sine wave voltage. It was taken from to w since 
this is the range over which it is positive. The other half cycle is similar but negative, 
so that the average over the whole cycle is zero. 



3. 



K*rms) 



E m orI„ 




Therefore I rm , = IJy/l ** 0.707 I m . 
This is the root mean square value of the current with sine waveform. 

(iv) Taylor's Series 

If/(x) be a function with first derivative f'(x), second derivative /"(*)> third deriva- 
tive f"\x), etc., and if the function and its first n derivatives are finite and continuous 
from x = a to x = b y then the following expansion holds true in the interval from 
x = a to x = b : 

x — a 



f(x)=f(a) + — i j-f'(a') + 



+ ... + 



(» -1)! 



2]— / (a) -\ 3-j — / (a) 

a)" -1 (x — a) n 



(100) 



where a < x H < b. 

The final term is called the remainder ; if this can be made as small as desired by 
making n sufficiently large, the series becomes a convergent infinite series, converging 
to the value /(x). 
Another form of Taylor's Series is : 

f(a + h) =/(a) + — x f\a) + j x f'\a) + ^f"\a) + ... 



+ 



h n-l 



i/" _1 ( a ) + ri/"(a) + 



(101) 



The sum of the first few terms of Taylor's Series gives a good approximation to /(x) 
for values of x near x — a. 
Examples of the use of Taylor's Series : 
(1) To expand sin (a + h) in powers of h. 
/(a) = sin a and f(Ji) = sin h 
Differentiating in successive steps we get 
/'(a) = cos a 
f"{a) = — sin a 
f"(a) — — cos a 
f""(a) = sin a 
Applying the alternative form of Taylor's Series, 

h 2 . h 



sin {a + h) = sin a + h cos a — — ] sin a — — } cos a + jl sin a + 
(2) Similarly 



(102) 



cos (a + h) — cos h — h sin a . — — cos a + »-, sin a + --, cos a + . . . (103) 
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(v) Maclaurin's Series 

Maclaurin's Series is a special case of Taylor's Series where a = 0. 

f{x) = /(0) H j-y- + 2 , + —^ 1- . . . (104) 

The sum of the first few terms of Maclaurin's Series gives a good approximation 
to fix) for values of x near # = 0. 
Example of the use of Maclaurin's Series : 
f(x) ^ cos x 

f'(0)x , /"(0)x 2 , /"'(0)x 3 /""(0)** 



then cos x =/(0) H ^T + — 2T~ + ~~3l — + 4 ! 

where /(0) = cos = 1 

/'(0) = - sin = 
/"(0) = - cos = - 1 
/'"(0) = sin = 
/""(0) = cos = 1 
The series may then be written down as 

X^ X^ X^ x^ 

cos* = l --+-J-—+- !_... (105) 

Similarly 

(106) 



(107) 
(108) 

(109) 



SECTION 8 : FOURIER SERIES AND HARMONICS 

(*') Periodic waves and the Fourier Series (ii) Other applications of the Fourier 
Series (iii) Graphical Harmonic Analysis. 

(i) Periodic waves and the Fourier Series 

The equation for any periodic wave can be written by substituting the correct 
values in Fourier's Series : 

y = F(0) = B„/2 + A x sin 6 + A 2 sin 20 + A 3 sin 30 + . . . 

+ B x cos + B 2 cos 2 + B 3 cos 30 + . . . (1) 

where B /2 is a constant which is zero if the wave is balanced about the x axis ; 

its value is the average value of y over one cycle and may be 

determined by putting n = in the expression for B„ below, 

F{6) sin n6 d6 where n = 1,2,3, etc. 



X 6 X* X 7 x* 






j sin x = j(x - ^-j- + --j - . . .) 






/ X 2 X* x 6 \ .( 
cos x+] sin x =\1 -2T+4T-6I+ -'-J+Jy* ' 


X 3 X s 

~ 3\ + 5~T 


* 7 

-71 + 


j 2 X 2 j 3 X 3 j i x i 

= i+jx+ 2 -r + TT +- 4~! +••• 






Also it may be proved that 






X X X 

log £ (1 + x) = x - — + — - -£ + . . . 






J2 X 2 JZ X S ji x i 

and «'• = 1 + j x+ J --+^ T+ J — + . 






= cos x + y sin x (see eqn. 107) 







1 C* 
A n =- 

"" JO 



= 2 x average value of F( 0) sin n 6 taken over 1 cycle, 
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B. 



' n Jo 



F(0) cos n0 d0 where n = 0,1,2,3, etc. 



= 2 x average value of F( 0) cos n taken over 1 cycle, 



and 



B = ait = 2irft 
20 = 2 tor = 2tt(2/> 
30 = 3wt = 2ir(3f)t 
etc. 



/ = fundamental frequency 
(2/) = second harmonic frequency 
(3/) = third harmonic frequency 




-J 

Special cases 

(1) F(0) is an even function 

If the waveform is symmetrical about the v axis (e.g. Fig. 6,39), F( d) is called an 
even function and A„ = 0, giving the simplified form 

F(0) = B /2 + B 1 cos B + B 2 cos 20 + B 3 cos 30 + . . . (2) 

This is the equation which applies to all types of distortion introduced by valves. 

(2) F(0) is an odd function 

If the waveform is such that the value of y is equal in magnitude but opposite in 
sign for plus and minus values of x (e.g. Fig. 6.40), F( 0) is called an odd function and 
B n = 0, giving the simplified form : 

F(0) = Ax sin + A t sin 20 + A 3 sin 30 + . . . (3) 





This is the equation for the condition when the fundamental and all the harmonics 
commence together at zero. 

(3) F(0) = -F(0±n) 

If the waveform (Fig. 6.41) is such that the value of y is equal in magnitude but 
opposite in sign for x = x t and x = (x x ± it), the expansion contains only odd 
harmonics : 

F(0) = Ax sin + A 3 sin 30 + A h sin 50 + . . . 

+ Bx cos + B 3 cos 30 + B h cos 50 + . . . (4) 

(4) F( 0) is an even function, with the positive and negative portions identical 
and symmetrical (Fig. 6.42) : 

F(0) = B x cos + B 3 cos 3 + B B cos 5 + . . . (5) 

or if the origin is taken at A, 

F(6) = Bx sin - B 3 sin 30 + B b sin 50 - . . . (6) 

This is the equation for a balanced push-pull amplifier. 

The general equation (1) can also be expressed in either of the alternative 
forms : 

F(0) = B /2 + Cx sin (0 + <f>x) + C 2 sin (20 + ^) + . . . (7) 
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F(0) = B /2 + d co s (0 - ^') + C 2 cos (20 - <f> 2 ') + . . . (8) 

where C n = V A n 2 + B n 2 
and tan <f> n = B„/A n ; tan 4> n ' = AJB n . 

The angles <£ 13 <£ 2 , . . . in eqn. (7) are the angles of lead between the harmonics 
of the sine series and the corresponding sine components in eqn. (1). The angles 
<£/> <l>2> ... in eqn. (8) are the angles of lag between the harmonics of the cosine series 
and the corresponding cosine components in eqn. (1). AU the angles <f> and <f>' in 
equations (7) and (8) are measured on the scales of angles for the harmonics 




Harmonic composition of some common periodic waves (Fig. 6.43) 
Square wave (A) 

4B/ cos 30 cos 5 cos 7 \ 

„ _ ( nQ e e — —Z 1" Z = ■+■ - = 1 

J 77 \ 3 5 7 V 

Triangular wave (B) 



8E/ cos 30 cos 5 9 



25 

Sawtooth wave (C) 

sin 29 sin 39 sin 46 
sin v — — 2 ^ — 3 — " 4~ ~ "*" 

FIG. 6.43 
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■JT \ 
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Short rectangular pulse (D) 

f 2 sin 2kn cos 2 
v = E \k + - (sin kn cos -\ -z + . 

l_ IT ti 

sin nkn cos n 



+ 



Half-wave rectifier output (E) 



+ 



•>] 



E( 77 cos 2 cos 2 6 2 cos 4 2 cos 6 
= -(l+ — 
it \ 



+ ■ 



15 



+ 



35 



. . (- I)*'** 1 -tfTZT\ cos nB • ■ •) (» even ) 



Full wave rectifier output (F) 



2^/ 2 cos 20 2 cos 40 2 cos 60 



15 



35 



2 cos n \ 
. • • (- 1)"' 2+1 -rf—T ••■;(» even) 



(12) 



(13) 



(14) 



D 






or 



n 



Fig. 6.43 
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(ii) Other applications of the Fourier Series 

The Fourier Series is particularly useful in that it may be applied to functions having 
a finite number of discontinuities within the period 3 such as rectangular and saw- 
tooth periodic pulses. 

The Fourier Series may be put into the exponential form, this being useful when 
the function lacks any special symmetries. 

The Fourier Series may also be applied to non-periodic functions. 

For information on these applications, see the list of references — Sect. 9(B). 

(iii) Graphical Harmonic Analysis 

Any irregular waveform may be analysed to determine its harmonic content, and 
the general method is to divide the period along the X axis into a suitable number of 
divisions (e.g. Fig. 6.44 with 24 ordinates), the accuracy increasing with the number 
of divisions. 

Ordinates are drawn at each point on the X axis and the height of each ordinate 
is measured. The minimum number of ordinates over the cycle must be at least 
twice the power of the highest harmonic which it is desired to calculate. Various 
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methods for carrying out the calculations have been described. Some are based on 
equal divisions of time (or angle) while others are on equal divisions of voltage. 

In the harmonic analysis of the distortion introduced by valves on resistive 
loads, it is possible to make use of certain properties which simplify the calculations : 




(1) All such distortion gives a waveform which is symmetrical on either side of the 
vertical lines (ordinates) at the positive and negative peaks. 

(2) It is therefore only necessary to analyse over half the cycle, from one positive 
peak to the following negative peak, or vice versa. 

(3) Even harmonic distortion results in positive and negative half cycles of different 
shape and area, thus causing a steady (" rectified ") component. 

(4) Odd harmonic distortion results in distorted waveform, but with the positive 
and negative half cycles similar in shape. 

(5) Even harmonics are in phase with the positive fundamental peak, and out of 
phase with the negative peak, or vice versa ; they are always maxima when the funda- 
mental is zero. 

(6) Odd harmonics are always exactly in phase or 180° out of phase with both 
positive and negative fundamental peaks, and are zero when the fundamental is zero. 

The relative phases of the fundamental (H t ) and the harmonics (up to H 5 ) are shown 
in Fig. 6.45. The fundamental and third, fifth and higher order odd harmonics 
have zero amplitude at 0°, 180° and 360° on the fundamental scale. The second, 
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fourth, and higher order even harmonics reach their maximum values (either positive 
or negative) at 0°, 90°, 180°, 270° and 360° on the fundamental scale. 



304 (iii) GRAPHICAL HARMONIC ANALYSIS 6.8 

The amplitudes of the harmonics as drawn in Fig. 6.45 have been exaggerated for 
convenience in drawing, while their relative magnitudes are quite arbitrary. Their 
relative phases are, however, quite definite. 

In proceeding with Graphical Harmonic Analysis it may be shown that it is possible 
to select thirteen points on the X axis which will enable the exact values of the first, 
second, third and fourth harmonics to be calculated (Ref. C9) on the assumption that 
there are no harmonics of higher order than the fifth, or that these are negligibly small. 
These points are limited to the range from 90° to 270° on the fundamental scale, as in 
Fig. 6.45. They may be expressed in terms of the grid voltage E c , the static operating 
point being — E c and the operating point swinging from £„. = on the one side 
to 22? f on the other side. 

It is only necessary to determine the plate currents at the specified grid voltages, 
to insert these into the formulae given in the article and to calculate the. values of the 
harmonics. 

The preceding exact method has been approximated by R.C.A. (Ref. CIO) to give 
greater ease in handling. In the approximation there are eleven specified points 
in place of 13 in the exact form, the values of the grid voltages being (see Fig. 6.45) : 
0; -0.191E C ; -0.293E,; -0.5E C ; -0.69LE C ; -E e ; -1.309E C ; -1.5E C ; 
-1.707E e ; -1.809E e ; -2.0E C . 

These have been approximated by R.C.A. to the nearest decimal point, and the 
approximate values have been used in the " eleven selected ordinate method " of 
Chapter 13 Sect. 3(iv)D and Fig. 13.24. 

The equation giving the second harmonic distortion — eqn. (28) in Chapter 13 Sect. 
3(iv) — only requires the values of plate current at three points. This is an exact 
form and is used for triodes in Chapter 13 Sect. 2(i) eqns. (6) to (7b) inclusive and 
Fig. 13.2. 

The " five selected ordinate method," described in. Chapter 13 Sect. 3(iv)A 
and used for calculating second and third harmonic distortion in pentodes, is exact 
provided that there is no harmonic higher than the third. It is, however, a very close 
approximation under all normal conditions. The same remarks also apply to the 
simple method for calculating third harmonic distortion in balanced push- 
pull amplifiers, described in Chapter 13 Sect. 5(iii) eqn. (23) and Fig. 13.37. 

An alternative method, based on equal grid voltage divisions, has been devised 
by Espley (Ref C6). This gives harmonics up to one less than the number of voltage 
points. Two applications are described in Chapter 13 Sect. 3(iv) — five ordinates 
giving second, third and fourth harmonic distortion, and seven ordinates giving 
up to sixth harmonic distortion. 

When the loadline is a closed loop, as occurs with a partially reactive load, these 
conditions and equations do not apply, or are only approximated. 
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SECTION 1 : FUNDAMENTAL TYPES OF FEEDBACK 

(») Feedback, positive and negative (ii) Negative voltage feedback at the mid-fre- 
quency (iii) Negative current feedback at the mid-frequency (iv) Bridge negative 
feedback at the mid-frequency (v) Combined positive and negative feedback at the 
mid-frequency (vi) Comparison between different fundamental types at the mid- 
frequency. 

(i) Feedback, positive and negative 

Feedback may be applied to any amplifier, at any frequency, and may be either 
positive or negative. The application is illustrated in Fig. 7.1 where an amplifier, 
with voltage amplification A, develops a voltage E across its load. Portion of the 
voltage across the load (j8i?o) is fed back in series with the input terminals, so that the 
input voltage E/ differs from the voltage (E t ) across the input terminals of the ampli- 
fier itself. It is obvious that 

E = AE { and that E{ = £,- ± |8J? , 
the sign in front of fiE taking account of phase relationships. The quantity is 
sometimes called the transfer coefficient. 



INPUT 


OUTPUT 






AMPLIFIER 
AMPLIFCATION=A 




LOAD 


"1 r 
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Eo 
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Fig. 7.1. Block diagram of an 
amplifier with feedback. 



The effective overall amplification with feedback is therefore 

£o Eo__ 

E/ E t ± jS£„ ' 
If the effect of feedback is to increase the gain, the feedback is positive* ; if it 
decreases the gain, the feedback is negative. Positive feedback is used to convert 

♦If j3£ is much greater then E t , thin the gain will theoretically be reduced irrespective of the sign in 
front of 8E . 
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an amplifying valve into an oscillator (see Chapter 24). Negative feedback is used 
mainly in amplifiers, both at radio and audio frequencies, although this Handbook 
covers only low frequency applications. 

The voltage fSE may be proportional to E 0) in which case it is described as voltage 
feedback ; or it may be proportional to the current through the load, when it is 
called current feedback. These two are, of course, identical if the load is a constant 
resistance, since the voltage and current are then proportional. 

Bridge feedback is a combination of voltage and current feedback. 

A network may be inserted in the feedback circuit to change the phase of the fed- 
back voltage, or to change its magnitude and/or phase so as to cttscriminate between 
different frequencies. 

Use of symbols 

Black (Ref. Al) and others use the symbols /*jS to indicate the same quantity 
which is here indicated by PA. Some authorities use the symbols A{i, but in certain 
equations (e.g those involving effective plate resistance) it is necessary to introduce 
j3/x or fx.j8 where y. is the amplification factor of the final valve. The latter form might 
be confused with Black's nfi which has an entirely different significance. Hence the 
use of $A in this chapter. A further, but minor, advantage from the use of pA is 
that the beginner, in considering operation at -the mid-frequency, is able to regard the 
magnitude for jS as being simply a fraction. 
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Fig. 7.2. Block diagrams of amplifiers with negative feedback. It is assumed 
that (R x + 2? 2 ) has a resistance very much greater than the load impedance; (A) 
and (B) have feedback external to the amplifier connected in series with the input 
voltage (C) has feedback connected in shunt with the input voltage (D) has the 
feedback connected to a cathode in the amplifier. 

(ii) Negative voltage feedback at the mid-frequency 

Block diagrams of two conventional forms for applying negative voltage feedback 
are shown in Figs. 7.2A and B. The polarities marked on the diagrams are instantane- 
ous values at an arbitrary time. In each case the feedback voltage is derived from a 
voltage divider R X R 2 across the output and is applied in series with the input 
voltage so as to give negative feedback. In Fig. 7.2A the polarity of the output 
voltage is opposite that of the input voltage- — this is regarded in network analysis as 
being equivalent to an amplification of — A. The amplifier of Fig. 7.2A may con- 
sist, for example, of one, or any other odd number of resistance-coupled stages. 

In Fig. 7.2B the polarity of the output voltage is the same as that of the input voltage 
— this being regarded as equivalent to an amplification of + A. In Fig. 7.2B the 
feedback voltage is marked |j82j | thus indicating the magnitude of the voltage and 
leaving its polarity to be indicated by the positive and negative signs. 

In this section the treatment is limited to the mid-frequency at which the amplifier 
has maximum gain and zero phase shift. 

The combined amplifier and feedback circuit, from input back to input, is called 
the feedback loop. 
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The magnitude of j3 is equal to i?i/CRi + -R 2 ). In all cases, for negative feedback, 
PA must be negative and the feedback network must be arranged to give this result. 

An alternative method of applying the feedback voltage to produce degeneration 
(Fig. 7.2C) connects the feedback voltage in shunt with the input voltage. In 
this case the amplification must be negative, that is to say there must be an odd number 
of stages unless a transformer is incorporated (Ref. A 17), and p must therefore be 
positive. 

A still further variation is when the feedback voltage is applied to the cathode 
of one of the stages in the amplifier (Fig. 7.2D). In this case the amplification 
must be positive, for example an even number of r.c.c. stages with the feedback 
returned to the cathode of the first stage, which must have some impedance between 
cathode and earth. Alternatively the feedback may be returned to the cathode of the 
penultimate stage of a multi-stage r.c.c. amplifier. The value of p should be con- 
sidered as negative on account of the method of connection of the feedback loop. 

The following treatment is based on the circuit of Fig. 7.2B but the results may 
also be applied to any amplifier with the feedback applied externally to the amplifier 
and in series with the input voltage. It is understood that in all cases the polarity 
of the feedback voltage is arranged to give negative feedback. 

(A) Gain without feedback 

A = EJE t (1) 

and if feedback is applied and the input voltage increased to 27/ to give the same out- 
put voltage E as without feedback, then follows 

(B) Gain with feedback 

E E 

A = E?= E< - pE <*> 

Combining (1) and (2a), 

A 1 A 

A - 1 - PA ~ (l/A) - P _ 1 + [ARJiR, + R 2 )] (2b) 

(for chart showing relationship between A' and A see Ref. A21), 
and if \PA\ >1 

then A' m l/(- J8) (2c) 

The value of p is given by 

J3 = - R 1 /(R 1 + R t ) (3a) 

The effect of feedback on gain is therefore 

A - E *! Ei 1 VL° - 1 a A 

A' ~ EJ{E t - PE ) ~ l ~ E< ~ 1 ~ P* ( 3b > 

The quantity PA is negative for negative feedback ; A/ A' = 1 — PA is always 
greater than unity. 

The quantity (1 — PA) is called the feedback factor*. The degree of feedback 
is indicated by the reduction in gain. For example, an amplifier with " 20 db feed- 
back " is one in which gain has been reduced 20 db by feedback. 

In the general case, when the phase angle displacement is not restricted, 
A 
A' = , ==■ (3c) 

Vl + \PA\ 2 - 2\pA\ costf> J 

[which becomes A' = A/(l - PA) when <f> = 180°] 
where 4> = phase angle displacement of amplifier and feedback circuit loop. 

(C) Effect of feedback on harmonic distortionf 

Let the input voltage E/ be expressed in the form E im ' cos tot. 
Then the output voltage (2j ) will be given by 

E 0m cos tot + E 2m cos 2cot + E 3m cos 2><at (4) 

•Some authorities call pA the feedback factor, and care should therefore be taken in the use of this 
term. 

■{•Treatment adapted from K. R. Sturley. 
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where E 0m = peak value of fundamental frequency, 

E 2m = peak value of second harmonic, 
and E 3m = peak value of third harmonic. 
The feedback voltage (— jSi? ) will therefore be 

— P(E 0m cos cot + E 2m cos 2(ot + E Sm cos 3wt). 
The voltage applied to the input of the amplifier will be 

E/ + pE 

— E im ' cos cot + P(E 0m cos cot + E 2m cos 2cot + E 3m cos 3cot) 
= (E im ' + PE 0m ) cos cot + pE 2m cos 2 cot + pE 3m cos 3 cot. 

The output voltage will therefore be 
AEi + harmonic distortion 

= A[(JE im ' + pE 0m ) cos cot + PE 2m cos 2 cot + pE 3m cos 3 cot] 
+ A(JB fn ' + pE 0m )(H 2 cos 2 cot + H 3 cos 3 cot) (5) 

where H 2 = ratio second harmonic to fundamental voltages in amplifier without 

feedback, 
and H 3 = ratio third harmonic to fundamental voltages in amplifier without 
feedback. 
But we already have the output voltage in (4) above. 
Equating fundamental components in (4) and (5), 
E 0m = A(E im ' + pE om ) 

E im ' = (1 - pA)E 0m /A (6) 

Equating the second harmonic components in (4) and (5), 

E 2m = $AE 2m + A(E im ' + pE 0m )H 2 . 
Inserting the value of Eim from (6) above, 
E 2m = pAE Xm + [(1 - PA) E 0m + pAEomW, 
Therefore E 2m (1 - pA) = E 0m H 2 

Therefore ^ = T^V (7) 

Similarly for the third or any higher harmonic, 
E 3m _ H a 

E 0m 1 - PA w 

That is, the magnitudes of all the harmonics (and of course the intermodulation 
products) introduced by the amplifier are reduced by negative voltage feedback in the 
same proportion that the gain is reduced. 

This result is based on the assumptions : 

(1) that E is exactly 180° out of phase, or exactly in phase, with E { 

(2) that the amplification A is the same for the harmonics as for the fundamental 

(3) that the intermodulation voltages are negligibly small. The presence of 
intermodulation 111 has no effect on the second harmonic, but in certain cases 
the higher order harmonics can increase owing to a small amount of negative 
feedback ; when the feedback is raised sufficiently these harmonics will 
decrease again. When H 2 = 0, H 3 with feedback will be as indicated by 
eqn. (8). In any case, the effect is small if the amplifier distortion is initially 
fairly small. 

(D) Effect of feedback on hum or noise introduced by the amplifier 

Following a similar method — 

Input voltage = 2?/ = E im ' cos cot 

Output voltage = E = E om cos cot + E nm ' cos co n t (9) 

where E nm ' — peak value of noise or hum output voltage introduced by 
the amplifier with feedback, 
and co n = 2it x frequency of noise or hum voltage. 

♦Tcllegen, B. D. H., and V. C. Henriquez " Inverse feed-back," W.E. 14.167 (Aug. 1937) 409— 
quoting R. Feldtkeller ; also correspondence by R. W. Sloane and J. Frommer " Distortion in negative 
feedback amplifiers " W.E. 14.164 (May 1937) 259 ; 14.166 (July 1937) 369 ; 14.170 (Nov. 1937) 607 ; 
15.172 (Jan. 1938) 20. 
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The feedback voltage is therefore 

— fSE — — fi(E 0m COS (tit + E nm ' COS 0) n t). 

The voltage applied to the input of the amplifier is 

Et = Ei + j32? = E im ' cos cot + fi(E 0m cos cot + E nm ' cos <o n t) 

= {E im ' + fiEom) COS cot + PE nm ' COS CO n t. 

The output voltage is therefore 

E = AEi + noise voltage without feedback 

= A(E im ' + fiE 0m ) cos cut + fiAE nm ' cos w n t + E nm cos a> n t (10) 

Equating the fundamental components in (9) and (10), 

•Eflm = Aifiim + E 0m ). 

Therefore E im ' = (1 - 0A) E om /A (11) 

Equating the noise components in (9) and (10), 
E nm '{\ - fSA) = E nm 

M^^'l^jA (12) 

Thus the feedback reduces noise or hum voltages introduced by the amplifier in 
the same proportion that the gain is reduced, provided the following conditions are 
fulfilled: 

(1) That the signal input voltage is increased with feedback, to maintain the 
signal output voltage constant. 

(2) That jS and A have the same values for the hum (or noise) frequency as for 
the signal frequency. 

(3) The voltage fed back does not include any voltages other than the fraction 
of the amplifier output voltage. In many circuit arrangements this con- 
dition is not satisfied ; the most important of these are covered in Sect. 2. 

When all noise is considered as originating at the input (e.g. thermal noise), the 
signal-to-noise ratio is unchanged by the feedback. 

(E) Effect of voltage feedback on the output resistance of the amplifier 

Every linear network which has a pair of output terminals may, as regards its ex- 
ternal effects, be replaced by its equivalent open-circuit voltage in series with its 
equivalent resistance. 

Fig. 7.3. Equivalent circuit dia- 
grams of amplifier and load resistance 
(A) without feedback (J5) with 
feedback. 

FIC 7-3 

The following treatment is based on a single stage, but may be applied to any ampli- 
fier provided that the values of p. and r p are as defined below. 
Fig. 7.3A shows the equivalent circuit of the amplifier without feedback : 

„/_^_\ (B) 

E = pE t { r9 + R J 

E i*R L 

Ei r v + R L 
where /* = amplification factor (i.e. amplification with an infinite load resistance) 
and r v = plate resistance of final stage. 
If the amplifier has more than one stage n must be defined by 

M = A lt i 2 (14b) 

where A! = amplification between input and grid of final stage (with due regard to 

phase reversal) 
and /i 2 = amplification factor of final stage. 

Fig. 7.3B shows the equivalent circuit of the amplifier with voltage feedback :** 

*■ - -'*■' 071*51) ^ 

**Based on B. D. H. Tellegen " Inverse feed-back " Philips Tec. Rev. 2.10 (Oct. 1937) 289. 
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But E = A'E- 



E{ 



{l/A) - 
Applying the value of A from (14a), 
pR L Ei 
E ° = r 9 + R L (1 - fr) 
This may be arranged in the form 

Rr 



from eqn. (2b). 



* -(V^)(; 



fa} \rj(l - j8/*) + R L 
which is the same as eqn. (15) except that 
V- 

and r. 



(16) 



(17) 



(18) 
(19) 



1-/3/* 

Equations (18) and (19) give the effective amplification factor and plate resistance 
respectively with feedback. It will be seen that these are each equal to the corres- 
ponding value without feedback divided by (1 — j8/a), whereas the gain, internally 
produced hum or noise, and distortion are divided by (1 — ftA). If the amplifier 
has more than one stage, the value of n must be as defined by eqn. (14b), while the 
plate resistance r v will be that of the final stage. 

However, it is important to remember that the actual valve characteristics are not 
changed by feedback, since feedback is external to the valve ; while the optimum 
value of load resistance is also unchanged by feedback except under certain very- 
special conditions. 

It may be shown that negative voltage feedback as a method for reducing the 
effective plate resistance, when compared with a transformer giving the same reduction 
of gain, is more effective than the transformer with low feedback factors, is equally 
effective with a particular feedback factor, and is less effective than the transformer 
with feedback factors greater than this value. 

Example : 6V6-GT with \i = 218, and A = 17. 



Gain 


.IMI 


\M 


f p/f D 


Transformer 

impedance 

ratio 


1/2 

1/10 

1/100 


l 

9 
99 


12.8 
115 
1270 


1/13.8 
1/116 
1/1271 


1/4 

1/100 

1/10000 



The " looking-backwards " output terminal impedance of the amplifier is 
equal to r,' in parallel with jR l , 

Ra = , . £ = — ~ - ,/ „ s ~- (19a) 



r v '+R L r,+R L 0L-fo) 
If r V is very much less than R L , eqn. (17) becomes 
nEj' 



(20) 

that is to say, the output voltage is independent of the value of R L . This is an in- 
dication of good regulation. 

(F) Effect of voltage feedback on the input resistance 

The effect of feedback on the input resistance depends on the method of application 
of the feedback and not on whether it is voltage or current feedback. For example, 
consider the amplifier of Fig. 7.2B. Let the input resistance of the amplifier without 
feedback be r<. 

Then r t = Eill x . 
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With feedback, the same current will flow, but the input voltage will be 

E{ = EH - PA) 
Therefore r{ = E^h = (E t fl&\ - pA) 
Therefore r/ = r<(l - pA). (21) 

Thus in this case the input resistance is increased by feedback in the same proportion 
that the gain is decreased. This applies to all cases in which the feedback voltage 
is applied in series with the input voltage, including the current feedback case of 
Fig. 7.4, as will be shown later. 

On the other hand, if the feedback voltage is applied in shunt with the input voltage 
the input resistance will be decreased as proved below for Fig. 7.2C — 

The input resistance of the amplifier without feedback is 

r, = Ei/h. 
With feedback, the current I 1 will be unchanged, but there will be an additional 
current I 2 through R t and of direction such as to increase the current from the source, 
which will therefore become (Zx + h). The input voltage applied to the input 
terminals of the amplifier will be the same as without feedback 
h 

Therefore r t = r t - 7 — : — j- 
■*i -r -»2 
which is less than r t . 

Other special cases are covered in Sect. 2. 

(iii) Negative current feedback at the mid-frequency 

The block diagram of an amplifier with negative current feedback is shown in 
Fig. 7.4. In this case the feedback voltage is derived from the voltage drop across a 
resistor R 3 in series with the load impedance. The resistance of R s should be very 
small compared with the load impedance. This diagram also is for the case with the 
polarity of the output voltage opposite that of the input voltage. 



.XT 



Ei~ e 

1 



c 
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AMR FACTOR * 



Ti 

}oJo 
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Fig. 7.4. Block diagram of an amplifier with negative current feedback, 
resistance R 3 is very much smaller than the load impedance. 
Fig. 7.5. Block diagram of an amplifier with bridge feedback. 



The 



Without feedback but with R 3 in position (Fig. 7.4) 

E _ (iR L 

Ei 



A =^ = - 



r v + R 9 + R L 
With current feedback, 

E a E 



A> _ Z-l. ~ 

E^ E t + -Ra^o 



E 



(22) 



Ei + (R 3 /R L )E (E t /E ) + R S /R L 



Therefore A' = 



vRi 



Therefore A' — 



(ju + 1)R 3 +r ,+R L 
A 



1 + AR 3 /R L 1 + pR,/(r p + R 3 + R L ) 
It is sometimes helpful to substitute 
- Y = R*/R L 
where y has an application similar to that of j3 in the case of voltage feedback. 
(24a) may thus be put into the form 
A' = A/{\ ~ Y A). 
Equation (23) indicates that for a single stage amplifier 



(23) 
(24a) 

Eqn. 
(24b) 



(26) 
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(A) the amplification factor with current feedback is the same (/i) as without 
feedback 

(B) the effective plate resistance with current feedback is 

r/ = r, + i*R 3 (25a) 

and r 9 '/r P = l + iiR 3 fr v (25b) 

The increase in plate resistance (eqn. 25b) is proportionally greater than the decrease 
in gain (eqn. 24a). 

When the voltage is fed back over more than one stage, the effective plate resistance 
with feedback is given by 

r v ' = r„ + A lt i z R 3 , (25c) 

where A x = amplification between input and grid of final stage (with due regard to 

phase reversal) 
and n z = amplification factor of final stage. 

The " looking-backwards " output terminal impedance of the amplifier is 
equal to r v ' in parallel with R L , 

j? > r »' R i (r„ + nR*)R L . 

R = r ' M P = r -L. „P J_ J? fOT SUlgle StEge 

r v + K L r v + iiK z + K L 

D , (r, + A lf i 2 R 3 ) R L 

or R = ■ — - — = — -—=.- for more than one stage. 

r„ + Aif^Rs + R L 

(C) The ratio of amplification with and without feedback is given by 

A _ (/i + 1)R 3 +r» + R L 
A' R z +r v + R L 

which may be put into the form 

A I A' = 1 + A{R Z /R L ) = 1 - Y A. (27) 

(D) Approximations when [i is very large 

If n is very large 3 

A'kR l /R 3 k;1/(- y) (28) 

which is independent of the amplifier characteristics. 
Also, if jLt is very large, 

I «* EJR L tv Et'/R, (29) 

which gives an output current which is constant, irrespective <" f R L . 

(E) Input resistance with negative current feedback 
In the circuit of Fig. 7.4 — 

Without feedback 

r* = £,//i 
With feedback 

' _ ?L - Ei + ( R */ R i) E o _ E < + (RJRDA Ej 
Ti ~ I ~ I ~ I 

Therefore 1 r/ = r*(l + ARJR L ) = r«(l - yA) (30) 

which indicates that with this circuit the input resistance is increased with negative 
current feedback in the same proportion that the gain is decreased (eqn. 27) and the 
effect is therefore the same as with Fig. 7.3. 

(F) Harmonic distortion with negative current feedback 

It may readily be shown that, as with negative voltage feedback, the harmonic 
distortion is reduced in the same proportion that the gain is reduced, subject to the 
conditions enumerated above (following eqn. 8) : 

Ejm H^ H 2 ._... 

e - g " E 0m - 1 + AR 3 /R L ~ 1-yA ^ } 

(iv) Bridge negative feedback at the mid-frequency 

Bridge feedback is a combination of voltage and current feedback, as shown in 
Fig. 7.5. It is assumed that (R t + R 2 ) >>Rj and that i? 3 < R L . 
Without feedback : A = E /E { = fiR L /(r v + R 3 + R L ). 
With feedback : 

Feedback voltage = fl^o/CRi + #2) + IqR 3 
Therefore E/ = E t + -R^o/t^i + #2) + Jo^s 
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A' - — < **L 

Therefore - £/ - £ . + AE . Rl/ ( Rl + R j + R 9 AE</R L 

Therefore A' = TTarJ^T^)Tar7r7' (32) 

Comparing this with (2b) and (24a), it will be seen that the denominator in (32) 
includes the second terms of the denominators of both (2b) and (24a). Equation (32) 
may be put into the alternative forms 

A' = ^ C33>) 

r, + (,* + l)i? 3 + K L (1 + /*R0/(«i + 220 V ' 

311(1 ^ = F+ ^R 1 /CR 1 TRJ • r7+or+"ife ~~ c 34 ) 

1 + ^/(^i + 2? 2 ) + ** 
Equation (34) indicates that — 

(1) the amplification factor is reduced by the factor 

-, — ; s~77S — r~Fr^ — i o — which is the same as for voltage feedback 

1 + jttKx/C^l + ^2) 1 — P> 

alone (equation 18). 

(2) the effective plate resistance is given by 

> = r » + (/x + *>**» = Ls.Z (m + iXyRD r3 - v 

Vp 1 + /*Ri/(*i +i? 2 ) 1 - m/S 

Compare this with equation (25a) for current feedback alone and (19) for voltage 
feedback alone. 

If the amplifier has more than one stage, p. must be defined as 

/* = A lt it (35b) 

where A x = amplification between input and grid of final stage (with due regard to 

phase reversal) 
and /i 2 = amplification factor of final stage, thus giving the expression for effective 
plate resistance 
, _ r, + (A l( i 2 + l)R a _ r P - (.4^ 2 + IXyRl ) ,« v 

r » 1 - A xV £ 1 - A xV £ KX)Q) 

where y = — R 3 /R L , 

Special applications of bridge feedback (Ref. A9) 

(A) The output resistance may be adjusted so as to equal the load resistance. 
If the voltage and current feedback resistors are adjusted so that 

RiKRi + R 2 ) = R 3 /R L , that is i3 = y, 
then r,'f^ R L 
provided that (— p» ;> 1 
and that (— PpR L ) :>*•„. 

(B) Negative voltage feedback may be combined with positive current feedback 
to decrease the plate resistance r v ' to zero or even to make it negative. This is little 
used in amplifiers because the positive current feedback increases the harmonic dis- 
tortion. However, it is possible to combine negative feedback in the output stage 
with positive feedback in an earlier stage to give very useful results — see Sect. 2(xi). 
This somewhat resembles one form of the balanced feedback in (v) below, except 
that the design is less restricted. 

(C) Negative current feedback may be combined with positive voltage feedback 
to give very high effective plate resistance. 

(v) Combined positive and negative feedback at the mid-frequency 

The distortion in a two or three stage amplifier is mainly in the output stage, and 
the distortion in a well designed first stage will be relatively quite small. It is practic- 
able to apply positive voltage feedback to the first stage only, and then to apply nega- 
tive voltage feedback over two or three stages in order to secure very low distortion 
and low output resistance. 



7.1 



(v) COMBINED POSITIVE AND NEGATIVE FEEDBACK 315 



This arrangement is shown in the simplified block diagram of Fig. 7.6. The effect 
of positive feedback on A x is to increase its gain from A x without feedback to A' with 
positive feedback. The effect on the whole amplifier, so far as effective plate resist- 
ance, distortion in the final stage and gain are concerned, is the same as though A x 
with positive feedback were replaced by another amplifier without feedback but with 
gain A'. The positive feedback in A x will increase the distortion of this stage, but 
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Fig. 7.6. Simplified block 
diagram illustrating one possible 
arrangement of combined posi- 
tive and negative feedback. 



will decrease the distortion of the whole amplifier provided that the initial distortion 
in A t is small in comparison with that in A 2 . A general purpose triode may be used 
in the first stage, and yet have an effective stage gain greater than that of a pentode 
with a plate load resistor of 0.25 megohm. 

Practical amplifiers using this principle are described in Sect. 2(xi). 

Balanced feedback amplifiers 

A balanced feedback amplifier is one using both positive and negative feedback 
in such proportions that the overall gain with feedback is equal to that without any 
feedback (Ref. A20). There does not seem to be any real advantage in achieving 
exact balance between the two feedback systems and the designer will generally prefer 
complete liberty on this point. 



(vi) Comparison between different fundamental types at the mid- 
frequency 

Negative feedback : 
Voltage Current Effect 

Feedback Feedback 

decreases decreases gain 

decreases decreases 



decreases 
increases 
or 
decreases 
decreases 
decreases 
increases 
increases 
increases 
decreases 



increases 
increases 
or 
decreases 
decreases 
increases 
decreases 
decreases 
increases 
decreases 



Positive feedback : 
Voltage Current 

Feedback Feedback 

increases increases 

increases decreases 

increases increases 



effect of variations of valves and other com- 
ponents on gain 
effective plate resistance 

input resistance* 

harmonic distortion 

effect of load impedance on output voltage 
effect of load impedance on output current 
damping on loudspeaker 
frequency response (band width) 
hum and unwanted voltages introduced in the 
amplifier (subject to certain conditions). 

Effect 

gain 

effective plate resistance 

harmonic distortion 



"The effect on the input resistance depends on the method of applying the input voltage. 
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Characteristics of amplifiers with negative feedback 

Voltage feedback Current feedback} - 

f^L tfh. 

r, + R L (l - fa) r 9 +Rjjil-^+l)] 

A A 

1 - pA T - yA 



Characteristic 


No feedback 


Voltage gain 




or 


A 


Effective amplification 




factor} 


M 


Effective plate resist- 




ance of final stage 


r„ 


Input resistance 


Ti 


Second harmonic dis- 




tortion 


H 2 



r„ 


f r* + fiR 3 
\= r P - ypR L 


1 -fo 


r,(l - PA)* 


r,(l - yA)** 


H 2 


H z 



Hum or noise intro- 
duced by amplifier E„ 

Note : j3 is negative throughout. 

y is denned by — y = R 3 /R,. 



1 - PA 1 - vA 

F E 

T - PA 1 - yA 



SECTION 2 : PRACTICAL FEEDBACK CIRCUITS 

(t) The cathode follower (it) The cathode degenerative amplifier and phase splitter 
(iii) Voltage feedback from secondary of output transformer (»'©) Voltage feedback 
from plate — transformer input (v) Voltage feedback from plate — r.c.c. input (vi) 
Voltage feedback over two stages (vii) Voltage feedback over three stages (viii) Cathode 
coupled phase inverters and amplifiers (ix) Hum (x) Some special features of feed- 
back amplifiers (xi) Combined positive and negative feedback (xii) Choke-coupled 
phase inverter. 

The idealized conditions assumed in Section 1 do not always hold. At very low 
and very high audio (or ultrasonic) frequencies, the reactances cause phase angle 
displacements tending to nullify the "negative" feedback which, in extreme cases, 
may even become positive. The resulting effects may be evident as poor response 
to transients (damped oscillations), parasitic oscillations extending over a portion of 
a cycle of sine waveform or, in extreme cases, oscillation at a very low or very high 
frequency. This aspect is considered in further detail in Section 3 for those who 
wish to have anything beyond the most elementary understanding of the problem. 

Other complications arise from (a) certain circuit connections affecting the amount 
of hum, and (b) the application of feedback in parallel with an impedance within the 
amplifier. 

(i) The cathode follower 

With a cathode follower the load impedance is connected between cathode and earth 
instead of between plate and earth in the more conventional arrangement. It is there- 

•Applies only to circuits such as Fig. 7.2A or 7.2B in which the feedback voltage is applied in series 
with the input voltage. 

tOver single stage. 

Jlf the amplifier has more than one stage, the amplification factor must be defined by p = Afp, t 
where A x = amplification between input and grid of final stage 
and fj, 2 = amplification factor of final stage. 

•♦Applies only to circuits such as Fig. 7.4 in which the feedback voltage is applied in series with the 
input voltage. 
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fore frequently referred to as " cathode loading " in distinction to the conventional 
" plate loading." As a result of 100 per cent, negative voltage feedback inherent in 
a cathode follower, both the distortion and the output impedance may be very low. 

The basic circuit of a triode cathode follower is shown in Fig. 7.7. It is understood 
that the input circuit must be conductive to provide a grid return path, and that a 
suitable grid bias value is achieved by inserting an appropriate battery at, say, point D. 
The input voltage is applied between grid and earth while the load resistance (i? fc ) 
is connected between cathode and earth. The voltage developed across R k is the out- 
put voltage, and the maximum output voltage is slightly greater than for the con- 
ventional case with R k as the plate load resistor. The stage gain, however, is neces- 
sarily less than 1 since the input voltage is equal to the grid-to-cathode voltage plus 
the output voltage (with a medium-mu valve the voltage gain normally approximates 
0.9). Since the stage gain is always less than unity, the input voltage is always 
greater t han the output voltage. Thus the input voltage may be very much greater 
man the grid bias, but grid current will not flow until the instantaneous difference 
between the input and the output voltage exceeds the bias.* In some cases the input 
voltage will be very high as, for example, when a high power output is required from 
a cathode-loaded low-mu triode operated with a high plate voltage. In extreme 
cases there may be difficulty in obtaining sufficient voltage in the preceding stage to 
excite fully the cathode follower. 



Fig. 7.7. Basic circuit of 
a cathode follower. 



Since a cathode follower does not amplify the input voltage it might, at first sight, 
be thought that the arrangement fulfilled no useful purpose. Its principal usefulness, 
however, lies in its impedance characteristics. The input impedance is high while 
the output impedance CR ') is low, and the whole device may therefore be regarded 
as a kind of Impedance Transformer — see (Fl) below. 

The low output impedance of the cathode follower makes it particularly useful as a 
driver stage for Class AB 2 or Class B amplifiers, or for pulse techniques where a low 
impedance source is required. ' 

With the cathode follower, the grid and cathode are in phase with one another, so 
that there is no reversal of polarity as with plate-loaded amplifiers— this characteristic 
is sometimes useful in amplifiers, and particularly with pulse techniques. 

A cathode follower will work into practically any value of load resistance, although 
there is a broad optimum value for any particular application. 

The effect of interelectrode and wiring capacitances on the gain is generally negti- 
gible up to a frequency of 1 Mc/s. 

It is important to remember that all electrode voltages must be stated with respect 
to the cathode , these will normally have the same values as for plate loading. 

The graphical treatment is given on pages 390-394. 

(A) Voltage gain at low frequencies 

The voltage gain without feedback would be 

a _ / * Rfc 
Rk + fp 
The value of the transfer coefficient jS will be /3 = — 1. 

♦More precisely, the difference between the bias and the voltage of the grid current cross-over point. 
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The gain with feedback will therefore be 

# = -JL 4_ 

1 - PA 1 + A 

Therefore A' = *?* - (la) 

(fj. + l)R k + r„ 

which may be written in the form 

., _ ^ Rjc ..., . 

•~ /i + l'U* + r.„/(/* + 1) ^ 

Equation (la) may also be written in the form 

where ^ m = mutual conductance in mhos. 

If /* >> 1, the gain with feedback will be approximately 

1 + g m R k 
R k is the resultant of all resistances between cathode and earth, whether internal 
or external to the amplifier itself. There is very little increase in gain through making 
R k greater than about twice r „ ; provided that ju. is not less than 10, then the increase 
of gain through any further increase in R k is always less than 5 per cent. (It is as- 
sumed that the input voltage is small enough to avoid grid current and/or plate current 
cut-off). 

Charts giving gain 

Voltage gain (exact) based on /*, R k and r„ — Ref. C19. 

Voltage gain (approx.) based on g m and R k for pentodes — Ref. C21. 

Gain in decibels (approx.) — Ref. C24. 

(B) Effective plate resistance (r/) at low frequencies 

The effective plate resistance in the arrangement of Fig. 7.7, as with any case of 
voltage feedback, is equal to r„ divided by (1 — jS/x), i.e. 

r * 1 - /3,i 1 + M g m * + 1 W 

If y. is very much greater than 1, 
then r,' ?& l/g m (4a) 

with an error not exceeding 5 per cent, if fi is not less than 20. 

As with the gain, so too with the effective plate resistance, there is very little change 
brought about by an increase in R k beyond 2r„, provided that n is not less than 20. 
Chart of r„' (approx.)— Ref. C24. 

(C) Equivalent valve characteristics 

The results obtained with a cathode follower (e.g. eqn. lb) are equivalent to those 
which would be obtained from an equivalent plate-loaded triode* having : 
plate resistance = r p ' = r P /(^ + 1) 
amplification factor = /x/(jm + 1) 
mutual conductance = g m (unchanged) 
and working into a load resistance R L — R k (unchanged). 

Example 1 : type 6)7 (triode connection) 

For 250 volts between plate and cathode, /x = 20, g m = 1900 micromhos and 
r„ = 10 500 ohms. The value of R k for greatest power output may be assumed 
to be approximately equal to 2r„, so that a value of 20 000 ohms may be adopted 
(see Sect. 5 for graphical treatment). The effective plate resistance is therefore 

r,' = rjifi, + 1) = 10 500/21 = 500 ohms, 
and the gain will be 

*See Sect. 5(i) for graphical treatment. 
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20 000 

a' _nqr 

(21/20)(20 000) + 525 

Example 2 : type 6V6 (triode connection) 

With 250 volts between plate and cathode, \x. = 9.6, g m = 4000 micromhos and 
r p = 2400 ohms. If R k is made equal to 5000 ohms we have 

r/ = 2400/(9.6 + 1) = 2400/10.6 = 226 ohms, and the gain will be 

A ~ (10.6/9^)5000 + 250 ~ ° -866- 

(D) Distortion 

The distortion, within the limits of plate-current cut-off on one hand, and grid 
current on the other, is reduced by the same factor that the gain is reduced, namely 
1/(1 + A) where A is the gain without feedback. In a practical case, if p — 20 and 
R k = 2r^ then the distortion is reduced to 3/43 of the distortion with plate loading. 

The maximum input voltage which may be handled without distortion may be 
calculated graphically (see Sect. 5). 

(E) Calculated operating conditions 

The following treatment is based on ideal valve characteristics with straight lines 

instead of curves, and is therefore only approximate (Ref. C31). It is assumed that 

the bias is adjusted to allow for maximum voltage swing over the whole loadline. 

Operating point : I b = \E bb j(r v + R k ) (4b) 

E k = lE bb R k /(r v + R k ) (4c) 

E e = -E bb /(2ri (4d) 

where E k = voltage across R k . 

If the circuit of Fig. 7.10 is used to provide grid bias : 

R 2 = (r P + R k )/p. = R k /A = (1 + R k /r v )g m (4e) 

where A = fiR k /(r P + R k ) 

— amplification of valve with plate loading. 
Example : Type 6J7 (triode connection) 
I b = 125/30 500 = 4.1mA 
E k = 125 x 20 000/30 500 = 82 V 
E c = - 250/40 = - 6.25 V 
A = 20 x 20 000/30 500 = 13.1 
R 2 = 30 500/20 = 1525 ohms. 
In the general case, use may be made of the following table, based on eqn. (4e) : 
when R k = 0-l/r v I.Otj, 2r v 3r P 4r p 5r p 

then JR 2 = 1-1 /g m 2/g m 3/g m 4/g m 5/g m 6/g m 

The peak amplitude of the voltage E k is given by 

E km = hE bb R k /(r v +R k ) (4f) 

Special case (1) 

If it is desired to use the minimum value of R k to give a specified peak output 
voltage E km) the value of R k is given by 

R k = 2E kn rJ{E bb - 2E km ) (4g) 

and the optimum value of bias resistor (Fig. 7.10) is given by 

grrk&bb — ^tL km) 

If E km is small compared with E bb , R 2 is thus approximately equal to l/g m . 

Special case (2) 

If R k is greater than l/g m and the whole of R k is used to provide grid bias, the 
maximum output voltage is thereby reduced, 

E bb R k 

Ekm = r7T(7TW (4l) 

Special case (3) 

If i? fc is made equal to l/g m the cathode follower works into a load equal to its own 
effective plate resistance (r„')- The value of peak output voltage is given by 
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E, m = *£»»/0* + 1) (4j) 

and the optimum value of bias resistor R z is given by 



H\ fj. ) 



*--A M J~** (4k) 

so that the valve may be considered perfectly biased by the whole of its cathode re- 
sistor R i. 
Special case (4) 

When the value of cathode resistance required to provide bias is small compared 
with l/g m , the arrangement of Fig. 7.11 may be used in which R t = R k = l/g m , 
and R 2 is calculated to provide the correct bias. Since i? x is small compared with 
l/gm = rj,/fi, the maximum peak output voltage will be given approximately by 

Ekm^ hE bb RJr v (41) 

Special case (5) 

If R k is small compared with l/g m and R k alone used to provide bias, the bias will 
not be optimum and the maximum peak output voltage will be given by 

fiR k *E- bb pn 2 E bb 

km ~ r„[r p + Ox + l)R k ] ~ 0* + 1)« + 1 l } 

where R k is neglected in comparison with r„ and n = R k /r P . 

The ratio of the output voltage with correct bias (eqn. 41) and that with self bias 
from cathode resistor (eqn. 4m) is given by 

2 

Ratio = - — —T-. (4n) 

1 + 1/mm 

(Fl) The " looking-backwards " output terminal impedance (R Q ') 

The impedance, seen when looking backwards from the output terminals of Fig. 7.7 
into the amplifier, is equal to r„' in parallel with R k . This corresponds to the 
plate-loaded case where we have to consider r„ and R L in parallel. 

_ , = r v 'R k = Rjc 1 

*° r,' + R k (r, + R k )/r v + gm R k g n + \/R k + 1/r, ^ a; 

Therefore R e ' = . , r ^* , — (5b) 

(/x + l)R k + r„ 

If r, >R k , R ' « . , * (6) 

1 + gmK-k 

In special cases, where a very low value of R ' is required, it may be convenient to 
obtain it by decreasing the value of Jf? k , even though this results in a serious reduction 
in maximum power output. For example, with type 6V6 (triode connection) under 
the conditions given above, where r„' = 226 ohms, 

when R k = 2400, 1000, 500, 200, 100, 50 ohms, 
then R ' = 206, 184, 156, 105, 69, 41 ohms. 

Charts : 

JR ' (approx.) based on R k and g m — Ref. C23. 

jR ' (approx.) but with correction factor to give exact value — Ref. C22. 
(F2) Resistance-capacitance coupled cathode follower 

An alternative form of load is illustrated in Fig. 7.8 where R k is the d.c. load re- 
sistance, C e the coupling condenser, and R g the a.c. shunt load resistance. In cal- 



Fig. 7.8. Cathode fol- 
lower with d.c. load 
resistance R ki capacitance 
coupled to a shunt load 
resistance R g . 



dilations regarding grid bias, the resistance of R k should be used ; in calculations 
regarding gain the resultant R = R k R„/(R k + R„) should be used. As for the 
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similar case with plate-loading, it is usually desirable to have R g considerably greater 
than R k . R a may take the form of a volume control. 

Alternatively, R * may be selected to suit the grid bias, while R g is then calculated 
to provide the desired total a.c. load. 

When the circuit of Fig. 7.8 is used as a power amplifier stage, it may be shown 
(Ref. C32) that maximum power is dissipated in R g when R„ = r v and R k = V 2r„, 
and that when these conditions are fulfilled the power dissipated in R„ is given by 

P max = E 1 */93r 9 
where E x = plate supply voltage E hi less the voltage where the tangent to the 

E e = characteristic cuts the axis (point B in Fig. 7.8A) 
and tj, = plate resistance of valve at junction of d.c. loadline with E e = 

characteristic (point D in Fig. 7.8A). 

If in Fig. 7.8 the load impedance is re- 
moved to a distance and the leads between 
the cathode follower and the output ter- 
minals are lengthened, the "link" be- 
tween the amplifier and the output may 
be used as a low impedance loaded a-f line, 
although it is loaded unequally at the two 
ends. 



A.C. LOADLINE 



The term " link " is used to describe a 
line which is so short that its characteristics 
at the frequency of operation may be ne- 
glected in comparison with the loading. It 
should be carefully distinguished from a 
" transmission line," which has a character- 
istic impedance determined by the self in- 
ductance and capacitance per unit length 




.--D.C LOADLINE 
4> 



Fig. 



7.8A. Loadlines of circuit Fig. 7.8 
used as a power amplifier. 

and which, for the suppression of standing waves, requires to be terminated by an 
impedance equal to the characteristic impedance. 

(G) Transformer coupled cathode follower 

With the resistance-coupled case of Fig. 7.7 the plate supply voltage must be higher 
than the plate-to-cathode voltage and the whole of the power output plus the d.c. 
losses are dissipated in the resistance R *. It is possible to replace R k by the primary 
of a transformer, and the secondary of the transformer may then be loaded, e.g. by 
driving the voice coil of a loudspeaker or other electrical network (Fig. 7.9). In 
this case the full supply voltage, except for the small resistance loss in the transformer 
primary, is applied between plate and cathode. 



-m 



4 



Fig. 7.9. Cathode follower having the primary 

of a transformer in its cathode circuit, the secondary 

of the transformer being loaded. 



The maximum power output with the same load resistance as for plate loading will 
be approximately the same. The distortion and the output resistance will, however, 
be very much lower than for plate loading, and the damping on the loudspeaker will 
be greater. 

A special case of some importance is when Vi is the driver valve of a Class B power 
amplifier (see Chapter 13 Sect. 7). 

The optimum load resistance may best be calculated graphically (see Sect. 5). 

The resistance of the transformer primary will provide at least part of the voltage 
for grid bias ; the balance may be supplied by a suitable resistance (shunted by the 
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usual by-pass capacitance) between the cathode and the upper transformer primary 
terminal. 

Alternatively, the primary of the transformer may be connected in place of R„ 
in Fig. 7.8, and C c may be adjusted to tune the primary to a suitable low frequency 
to extend the frequency band to lower frequencies or to give bass boost (Ref. C14). 

(H) Grid circuit arrangements and their effect on input resistance and R ' 

If the voltage drop in R k is greater than the desired grid bias, then a convenient 
arrangement is to return the grid resistor (R B ) to a tapping point (X) on the cathode 
load resistor, the position of X being adjusted for optimum operating conditions 
(Fig. 7.10") ; the bias will be 

E cl = R 2 I b (7) 

where E cl is the bias in volts, R 2 is expressed in ohms and I b the plate current in 
amperes. The total load resistance is (/?! + i? 2 ) which corresponds to R k in Fig. 
7.7. The correct value of C should always be selected on the basis of the input re- 
sistance (/?,') and not on the basis of R g . 





Fig. 7.10. Cathode follower with grid bias supplied by a tapping point (X) on the 

load resistance. 
Fig. 7.11. Cathode follower with separate resistances for bias (R 2 by-passed by 

C 2 ) and load (R x ). 
Fig. 7.12. Cathode follower with alternative form of grid bias circuit. 

The circuit of Fig. 7.10 does not apply the full degree of feedback (as in Fig. 7.8j 
unless the output resistance of the preceding stage is very much smaller than R B . 
In other cases the feedback is reduced by a factor RJ(R a + R ) where R Q = 
r^R 7 /(rj, + R L ) for the preceding stage. 

The input resistance (/?,-') due to the grid resistor (i?„ in Fig. 7.10) is greater than 
R g because the voltage across R g is less than E t . 

Thus R/ = Ei/i 
where E t = the input voltage 
and i = the current through R B (Fig. 7.10). 

Now i = {Ei - E x )/R„ 

and E x = A'E i RJ{R l + R 2 ). 

EiR, 



E { ER 

Therefore R/ = — - = „ . ' ' 
t Ei - E a 



Edl -A'RJ^+RJl 



Therefore R/ = 



R« 



(8) 



1 - A'RJiR, + R 2 ) 
Special cases : 

If R 2 = 0, i.e. R a returned to cathode : i?/ = R g /{\ - A') (9a) 

If R x = 0, i.e. R„ returned to earth : R/ = R„ (9b) 

As a practical example take type 6J7 (triode connection) with the same conditions 
as previously (Example 1). The cathode load resistance (i? x + R 2 ) is therefore 
20 000 ohms. The cathode current (from the published data) is 6.5 mA while the 
grid bias is —8 volts. The resistance of R 2 is therefore 1230 ohms and i? t is 18 770 
ohms. If R g is taken as 1 megohm the input resistance will be 

, 1 20 000 

*' ~ 1 - 0.93 x 18 770/20 000 ~ 20 000 - 17 500 ~ me S ohms - 
The " looking-backwards " output terminal impedance with the circuit of 
Fig. 7.10 becomes (Ref. C28) 
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R« 



gi 



■[>- 



Ri 



+ 



l 



■ + - 



l 



(10) 



R s + R g R x + -R2-J jRi + i? 2 
where i? 3 = source impedance of input voltage. 

[Compare eqn. (10) with eqn. (5a) which applies to the circuit of Fig. 7.7.] 

If i? g is not greater than one fifth of R g , the effect on the output terminal impedance 
will usually be negligible. 

If R 2 in Fig. 7.11 is by-passed, the a.c. load is lower than the static load resistance, 
which is usually undesirable unless R 2 is very much smaller than R k . For example, 
if R t is at least 10 times the value of R 2> the effect is usually so small as to be negligible. 
The input resistance is 

R t ' = R g /(1 — A') which is the same as (9a). 

The same remarks apply as for Fig. 7.10 with regard to the output resistance of the 
preceding sipge. 

An alternative circuit is shown in Fig. 7.12 in which the reactance of C 15 at the 
lowest frequency to be amplified, should be small compared with the resistance of R. 
The input resistance is approximately equal to R g , provided that (R + R t ) is much 
larger than the reactance of C x . With this circuit, the full degree of feedback is 
obtained irrespective of the output resistance of the preceding stage. 

Another method of securing the correct grid bias voltage is to connect a positive 
grid bias to counteract the too-great negative bias due to R k , either at the point D 
in Fig. 7.7 or at the low potential end of the grid resistor R 3 . One method of obtain- 
ing the negative bias without requiring a separate bias voltage source is shown in 
Fig. 7.13 where R 3 and R g form a voltage divider across the plate voltage source. The 
input resistance here is equal to R g and R 3 in parallel. 

Direct coupling to a cathode-follower is shown in Fig. 7.14. If the first valve has 
low plate resistance, it would be practicable to drive the cathode follower into the 
grid current region. The voltage drop in R L1 must equal the grid-plate voltage of 
the cathode follower. 






Fig. 7.13. Cathode follower with positive grid bias from voltage divider across 
B+, in order to counteract the too-great negative bias from R k . 
Fig. 7.14. Direct coupling to the grid of a cathode follower. 
Fig. 7.15. Triode cathode follower showing capacitances. 

(I) Input capacitance (purely resistive load) 

The capacitance from grid to plate (C gp ) is effectively across the input (Fig. 7.15). 
The effect of the capacitance from grid to cathode is reduced by the ratio of the voltage 
from grid to cathode to the voltage from grid to earth. Thus 

C t ' = C gP + (1 - A')C ak (11) 

or C/ = C gv + C gt /(1 + A) (12) 

where A has the same me anin g as with plate loading, being the stage gain without 
feedback, and A' is the actual stage gain, being always less than 1 (eqns. la and lb). 
Note the reversed Miller Effect whereby the C g k is reduced by the factor 1/(1 + A). 
In a typical case, using type 6J7-GT (triode connection) : — 

A' = 0.93 ; C gv = 1.8 ftfiF ; and C gk = 2.6 ju/xF. 

C t ' = 1.8+ 0. 07 x 2.6 = 1.8 + 0.18 = 1.98 ^F 
This may be compared with an input capacitance of 22.4 fifiF under equivalent plate 
loaded conditions. ' 

(J) Output capacitance 

The capacitance from plate to cathode (C pk ) and also the capacitance from heater 



324 



(i) THE CATHODE FOLLOWER 



7.2 



to cathode (C h k ) are across the output (Fig. 7.15). The voltage across the capacitance 
from grid to cathode (C gk ) is (1 — A')ei and the current through C Qk is, therefore, 
(1 —A') ei.jwCg *. The current which would flow through C„ k if connected directly 
across R k is A'ei.j<oC gk . Therefore, the effect of C Bk connected between grid and 
cathode is the same as that of a capacitance of [(1 — A') /A'] C gk = C gk /A con- 
nected across R k . It is assumed that the source of input voltage has a resistance and 
a reactance each negligibly small in comparison with the reactance of C ak . With 
this assumption the effect of the capacitance from grid to plate (C 3J ,) is zero, since 
it merely shunts the input voltage. 

Thus, the output capacitance (C ') under the assumed conditions is given by 
C„' = C vk + C hk + C Bk /A (13) 

This capacitance is effectively shunted across R ' (see eqn. 5). 

In the case of type 6J7-GT (triode connection), C vk = 17.0 /i/iF, C hk = 10.5 ^/xF 
(approx.), C gk = 2.6 /a/*F, and A' = 0.93 (see Example 1). 

Therefore C ' = 17.0 + 10.5 + 2.6 (0.07/0.93) = 27.7 MM F. 

This is effectively in shunt with the output resistance (R ') of 4$7 ohms. In the 
plate-loaded case there would be a capacitance of 17.0 fifiF shunted across 6900 ohms. 

In all practical cases, both for input and output capacitances, it is necessary to make 
allowances for stray capacitances in addition to the valve capacitances. 

(K) Special considerations with pentodes 

The discussion so far has been principally confined to triodes, or pentodes con- 
nected as triodes. It is readily seen that if a pentode is operated with the screen volt- 
age equal to the plate voltage, without special precautions 
to isolate the screen and plate, the result is equivalent to 
triode operation. The reason is that there is, in the 
cathode circuit, an impedance which is common to both 
plate and screen currents, so that the signal voltage drop 
across it affects the voltages of both plate and screen. 
Under these conditions the valve ceases to behave like a 
pentode. 




fic m* 

Fig. 7.16. Pentode 

cathode follower toith 

screen by-passed to 

cathode. 



PLATE 



If it is desired to obtain pentode operation, the voltage 
between screen and cathode must be maintained steady 

and free from signal frequency fluctuations. This may be done by connecting an 

impedance (either a voltage dropping resistor or a choke) between the plate and the 

screen, and by-passing the screen to the cathode by means of a sufficiendy large 

capacitance (Fig. 7.16). 

The screen dropping resistor R Bi is effectively in parallel with R k so far as signal 

voltages are concerned. Unless R gi is more than 20 times greater than R k , allowance 

should be made for its effect. 

If the by-pass condenser (C) is returned to earth instead of to the cathode the result 

is, again, effectively triode operation except that the screen may be operated at a 

voltage lower by a fixed amount than 
that of the plate. For example, if the 
static voltage from cathode to plate is 
200 volts, and from cathode to screen 
100 volts, then the voltage from screen 
to plate is 100 volts (Fig. 7.17). But, 
when a signal voltage is being amplified, 
the cathode voltage has a signal-fre- 
quency component which may reach a 
peak value of, say, 120 volts (see dia- 
gram). This makes the cathode 20 
volts more positive than the screen, or 
this may be expressed the other way 
around as the screen being 20 volts ne- 
gative to the cathode. The result is 



EARTH 




F IG r .7. 17 

Fig. 7.17. Voltage relationships tn pentode 
cathode follower. 
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plate-current cut-off and severe distortion, which can only be avoided by a reduced 
output voltage. In the case of pentode operation, with the screen by-pass condenser 
returned to the cathode (Fig. 7.16) this type of overloading cannot occur. 

When valves having high mutual conductance are connected as triodes, it may be 
found that parasitic oscillation occurs at a very high frequency. This may be pre- 
vented by connecting a 100 to 500 ohm non-inductive resistor in the link between 
plate and screen, using short leads. 

(L) Voltage gain with pentodes 

Owing to the very high values of \i with most pentodes, eqn. (2) may be taken as 
being almost exact : 

'-n&r . » 

where g m — pentode mutual conductance under operating conditions in mhos. 

In Example 1, the pentode g m may be taken as being (I^/Ije) x triode g m ', i.e. 
0.8 X 1900 = 1520 micromhos. 

With R k = 20 000 ohms, 

1520 x 20 000 x 10~ 6 

A' __ ' __ n Q7 

1 + 1520 X 20 000 X lO" 6 
Values of A' up to about 0.99 are practicable with pentodes, using higher values of 
load resistance. 

(M) Input capacitance with pentodes, screen by-passed to cathode (Fig. 7.16) 
The input capacitance with pentode operation is different from that with triode 
operation of the same valve. The capacitance from grid to plate may be neglected, 
and the total input capacitance is approximately given by 

C/ = (1 — A') X pentode input capacitance (14) 

In the case of type 6J7-GT the pentode input capacitance is 4.6 ppF and with a stage 
gain (A') of 0.97 the input capacitance will be 0.03 X 4.6 = 0.14 /x/xF. This is 
less than one fourteenth the input capacitance of the same valve with triode con- 
nection under similar conditions (previously shown to be 1.98 /i/iF). 

If the screen is by-passed to earth the input capacitance will be the same as 
for triode operation. 

(N) Output capacitance with pentodes (screen by-passed to cathode) 

With pentode operation the screen and suppressor are effectively at cathode potential 
at signal frequency (Fig. 7.16). The "pentode output capacitance " is the capacit- 
ance from the plate to all other electrodes except the signal grid and will therefore 
take the place of the plate-to-cathode capacitance in a triode (eqn. 13). The output 
capacitance is therefore given by 

C ' = pentode output capacitance + C h * 

+ (1/A) x pentode input capacitance (15) 

In the case of type 6J7-GT with a stage gain of 0.97, the pentode output capacitance 
is 12 /x/xF, and the pentode input capacitance 4.6 p-pF, so that C ' is 12 + 10.5 + 0.14 
— 22.6 ftfiF. This may be compared with 27.7 jxjuF for triode operation under 
similar conditions. 

(O) Circuit to avoid screen current through the 
load resistance 

With the normal pentode cathode follower, the screen 
current passes through the load resistance with resulting 
complications (see also Sect. 5). One way of avoiding 
these is shown in Fig. 7.18 which produces results 
identical with those of the cathode follower. The input 
is applied between grid and plate, the load resistance is 
in the plate circuit, and the cathode bias resistor has the 
same value as for normal operation. It has the disad- 
vantage that neither input terminal is earthed, and 
transformer input is necessary. 




FIC.7-IB 

Fig. 7.18. Alternative to 
the cathode follower, giving 
similar results, with input 
applied between grid and 
plate. 
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(P) Circuit to make the screen current constant 

One other method of avoiding the troubles caused by the screen current involves 
the use of an additional valve to apply signal voltage of the correct value and phase 
to the screen, and thereby maintain the screen current constant (Ref. C25). 

(Q) Screen-coupled cathode follower 

The cathode of a cathode follower may be directly coupled to the screen of the 
following stage, this being particularly valuable in d.c. amplifiers. See Ref. C26, 
also Chapter 12 Sect. 9(vi). 

(R) " Infinite impedance detector " 

The circuit arrangement of the cathode follower is the same as for the so-called 
" infinite impedance detector " or " reflex detector," but in the latter case it is essen- 
tial for the plate current to cut off for part of every r-f cycle. 

For further information see Chapter 27 Sect. l(ii)D. 

(S) Amplification at all frequencies — complex load 

It is impossible in practice to have a purely resistive load owing to the unavoidable 
effect of the interelectrode capacitances plus stray wiring capacitances. 

When the load is a resistance in parallel with a capacitance, the input re- 
sistance (and conductance) may become negative, thus leading to oscillation under 
certain conditions. This may be prevented, where necessary, by the addition of a 
non-inductive grid-stopper of 100 to 2000 ohms resistance ; in resistance-coupled 
a-f applications a grid stopper is unnecessary. When an inductance is coupled to the 
grid circuit (e.g. the secondary of an a-f transformer) it may be necessary to shunt it 
by means of a fairly low value of resistance to avoid instability. 

When the load is inductive the input resistance and conductance are always 
positive. 

The input reactance is always capacitive. 

References C14, C20. 

(T) Gain with capacitive load 

When the load impedance is a resistance R k (as in Fig. 7.16) shunted by a capacit- 
ance Ci, the gain is given approximately by (Ref. C6), 

y ^\l+g m R k J 
where /u. > 20 

f = frequency at which the gain is calculated, 
/ = 1/2*2**0* 

and e = tm -iJ-JHl-). 
\1 + g m R k / 

The expression within the square root sign in eqn. (16) is known as the relative 
gain, and has been plotted graphically (Ref. C6b, Data Sheet 39). The phase angle 
has also been plotted (Data Sheet 41). 

References C6, C9 ; Reich (Ref. A30) pp. 166-168 equations 6-34 to 6-34F. 

The transient performance under pulse conditions is given in Refs. Jl, J5, J6. 

(U) Input impedance with capacitive load 

Input resistance 

R, , & -— — — when^>l. (17) 

oiC gk R k g m {f/f ) 



Input capacitance 
Ct'f* C B „ + c 
References C6, C9, C20, J7 ; Sturley (Ref. C34) Vol. 2, pp. 119-120 



n , n , _ 1 +g m R k +(///o) 2 . . . ,._. 

C t fin C B „ + C gk . p x 2 ,, f/f <r s when M > 1 (18) 

(I -+- g m K k ) -f U/Jo) 
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(V) Plate resistance with capacitive load 

(W) Effect of impedance of input voltage source 

This is covered partly by Lockhart (Ref. C6) and more completely by Jeffery 
(Ref. C9) 

(X) Wide band amplifiers 

The cathode follower is a valuable method of coupling in wide band amplifiers 
(Refs. C2, CIO, C14). 

(Y) Cut-off effect and overloading with capacitive load 

When a cathode follower with a capacitive load has a quickly-changing voltage 
applied to its input, the plate current tends to cut off and positive grid current tends 
to flow even with input voltages less than those practicable with low frequency sine- 
wave input. At low input voltages it behaves quite normally, and the time constant 
of its load impedance (R ]c and C k in parallel) is 

R k C k r v '/{r v ' + R k ). 
When the plate current has been cut off, the time constant becomes R k C k , which is 
more than \s. times greater (it is assumed that JR fc is not less than r P ), and the advantages 
of the cathode follower are lost. It is therefore essential to ensure that plate-current 
cut-off never occurs. This effect occurs with a rectangular waveform, a steep saw- 
tooth waveform or with a high frequency sinewave input. 

References C13, C15, J3, J4, J5, J6, J9 

(Z) Noise in cathode followers 

A triode cathode follower has the same reflected noise voltage in the grid circuit, 
and the same reflected equivalent noise resistance as when used with plate loading. 
The high input resistance has the effect of improving the signal/noise ratio. 

A pentode cathode follower always has a higher equivalent noise resistance than a 
triode, but the noise resistance is greater when the screen is by-passed to earth than 
to the cathode. 

Refs. Bl, B2, C6a (Part 3-A), J12. 

(ii) The cathode-degenerative amplifier and phase splitter 

With conventional plate loading, the whole load is in the plate circuit ; with the 
cathode follower the whole load is in the cathode circuit. We now consider the case 
when part of the load is in the plate circuit and part in the cathode circuit. 

Fig. 7.19 shows the general, form of the cathode degenerative amplifier with plate 
load Z L and cathode load Z k . The output may be taken from K and earth, or from 
P and earth, or from both. 

(A) Unbypassed cathode resistor 

Fig. 7.20 is a particular case commonly known as the unbypassed cathode resistor.* 
Although not shown in the diagram, there are valve and stray capacitances which can 
only be neglected at low audio frequencies ; this condition will be assumed as a first 
approach. Here R L is the load resistance, R k is the unbypassed cathode resistor 
and R s the grid resistor. In this application R k usually has a much lower resistance 
than R L . If the signal current through the valve and through R L is called I pi then 
the signal voltage drop across R k is R k I v , which is proportional to the signal current 
through the load ; hence the current feedback. The formulae used below are taken 
from Sect, l(iii), putting JR^ in place of R 3 . 

Gain (equation 23, Section 1) : 

A ' = UT+ l)R k + r„ + R L (20a) 

For pentodes 

•For graphical treatment see Sect. 5(v) and (vi). 
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A' 



nRl 



g m R* + (r P + R L )/r v 
Ratio of gain with and without feedback 

From equation (24a) Section 1, 

A_ 1 

A ~ 1 .+ nR k /(j„ + R k + R I ) 
or as a rough approximation for triodes 
A' I A = R L /(R L + pR*) . 

An alternative exact form is 

A'/A * 



1 +g m R k r v /(r v + R k + R L ) 
or as a rough approximation for pentodes 
A'/Af* 1/(1 + g m R k ) 
From equations (24a) and (24b) of Section 1 
A' 1 1 



1 



yA 



fiyRj 



(20b) 

(21) 

(22) 

(23a) 

(23b) 

(24) 



r, + R L a - y) 
where — y = RJR L . 

Example (1) : 6J5 with n = 20, r„ = 20000 ohms (under resistance-coupled 
conditions), # z = 100 000 ohms, R k = 2700 ohms. 

-47-4 = 1/[1 +20 X 2700/(20 000 + 2700 + 100 000)] = 0.695. 
Using the rough approximation, A'/A ftts 0.65. 
Example (2) : Pentode with g m = 2000 micromhos and 

R k = 2000 ohms, A'/A «* 1/(1 + 4) ss 1/5. 
With a pentode, the gain is approximately halved when R k = l/g m (see eqn, 23b). 
Thus when g m = 2000 micromhos, a value of R k = 500 ohms will halve the gain and 
halve the distortion. 





FIC. 719 FIC.7-20 FK.7-ZI 

Fig. 7.19. General circuit of a cathode-degenerative amplifier. 
Fig. 7.20. Resistance coupled amplifier with unbypassed cathode bias resistor, 

giving cathode degeneration with current feedback. 
Fig. 7.21. Resistance coupled pentode with unbypassed cathode bias resistor. 

Input resistance : As the grid resistor R B (Fig. 7.20) is returned to earth, the input 
resistance is R g . If it had been returned to cathode, eqn. (30) Sect. 1 could then be 
applied, putting R„ in place of r f : 

Input resistance with R g returned to cathode — 
r/ = R,(l + ARJR L ) = R,[l + i*R k /{R L + R k + r,)] (25) 

Effective plate resistance (equation 25a, Sect. 1) 

r 9 ' =r 9 + fiR k (26) 

and r v '/r v = 1 + fiR k /r P (27) 

With the arrangement of Fig. 7.20, the total load on the valve is R L + R k and this 
is the value which should be used in drawing the loadlines on the characteristics. 
The value of R k is, however, regarded as fixed, while R L is regarded as capable of 
being varied — otherwise the " output resistance " would be meaningless. In practice, 
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R L may be modified by the connection to point P of a coupling capacitance and follow- 
ing grid resistor, thus providing an a.c. shunt load. 

If the valve is a pentode, the suppressor is normally connected to the cathode, 
although it may be connected to earth if the voltage drop across R k is very small ; 
the screen should be by-passed to the cathode (Fig. 7.21). In calculating the grid 
bias, allowance should be made for the d.c. screen current through R k . 

If a less degree of feedback is desired, portion of R k may be by-passed. In Fig. 7.22, 
the value of R * for calculations of gain, r/ and r „' should be R 2 , but for grid bias should 
be (Rx + .Ra). Alternatively, R 2 could be by-passed, instead of R v 





Fig. 7.22. Cathode degenerative amplifier with a small degree of current feedback. 
Fig, 7=23= Cathode degenerative amplifier zoith a large degree of current feedback. 
Fig. 7.24. Cathode degenerative amplifier with an alternative method of obtaining 

grid bias. 

If a higher degree of feedback is desired there are several alternatives. In Fig. 7.23 
(2?! + R 2 ) = R k for signal frequencies, but only R 2 is effective in producing grid 
bias. Ci should have a reactance much lower than (R 3 + RJ. As a slight modi- 
fication, Cx may be returned to any tapping point along R ± and R 2 , to give any desired 
degree of feedback between zero and maximum. An alternative modification is to 
by-pass R 2 , and to return C t to any tapping point along R x . Finally, the arrangement 
of Fig. 7.24 provides a positive voltage from the voltage divider -R 4 , i? 5 which may be 
adjusted to give the correct bias voltage from grid to cathode. 

When R L and R k are not purely resistive, they may be replaced by Z L and Z k in 
the expressions for gain which then become vectors. 

Current feedback is undesirable in transformer loaded amplifiers for it tends to 
stabilize the output transformer's magnetizing current (i.e. make it sinusoidal) and 
thus produce a distorted output voltage. 

" B+ (B) Phase splitter 

If R k is made equal to R^ we have the well known 
"phase splitter" (Fig. 7.25), in which the output 
from P to earth is equal and opposite in phase to that 
from K to earth. Obviously (2? t + R 2 ) = R k = R L , 
and the same signal current (/,) passes through R^ 
r PS R 2 and i? x . The grid resistor R e is returned to a 
point on R k to give the desired grid bias (JE C = — 
RJ*). 

The gain to either output channel is then 

A' L 




FIC. 7-2S 

Fig. 7.25 



Conventional 
phase splitter. 



which is always less than 1. 
A' = 0.9. 

The input resistance is 

Ra 



((i + 2)R L + r v 
In a typical example where ft = 20 and R L 



1 - A'RJ(Ri + R 2 ) 



(28) 
4r w 

(29) 
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If A' = 0.9 and R x = 9R 2 , then r/ = 5.25R g . 

If R g is returned to earth, or to a voltage divider, or to a separate bias supply, the 
input resistance is R g . 

If R a is returned to cathode, or if R 2 is by-passed, then r/ = R g /(1 — A') en 10R t . 

If R 2 is by-passed, then JR a must be increased to equal R L and channel K should be 
taken from point X. If channel K is taken from point X, and R t = R L , then the 
by-passing of R 2 is unimportant, except that the maximum output voltage will be 
reduced slightly ; this is of greater importance with low mu valves. 

The effective output resistance is different for the two output channels, since P 
operates with current feedback and K with voltage feedback. 

Channel P : r P ' = r p + (iR k where R k = R L (30) 

(from equation 25a, Sect. 1) 

Channel K : r 9 ' = (r „ + R L )Kn + 1) (31) 

(from equation 3) 
but this does not affect the balance at either low or high frequencies when the total 
effective impedance of channel P is equal to that of channel K. The same signal 
plate current which flows through one impedance Z P also flows through the other 
impedance Z K , and if Z P = Z K then the two output voltages are equal. The ratio 
of the output voltages is R L : R K at low frequencies and Z p : Z K at any high frequency. 
The capacitive component of Z p is the sum of the input capacitance of the following 
stage, wiring and stray capacitances, and the output capacitance of P channel (eqn. 33), 
and similarly with Z K (eqn. 34). The output capacitances of the phase splitter norm- 
ally differ by only 1 or 2 iiyiB, having a negligible effect on the balance at 10 000 c/s — 
see also pages 522-523. 

Input capacitance (Fig. 7.25) 

C/ - CW(1 - A') + C„(l + A') (32) 

Output capacitance 
P channel : C ' = 2C vk + C fP (l + 1/A') (33) 

K channel : C„' = 2C pk + C gk (l/A' - 1) + C nk (34) 

The equivalent source impedance that determines the high frequency attenuation 
for each channel due to shunt capacitance is given by 

R ° = m ffi a. ^ < 34a > 

r v + R L 0* + 2) 

and is of the order of 1000 ohms. Hence the excellent high frequency response 

characteristic (Ref. A33). 

(C) Tone control with cathode degenerative amplifier 

If R * (Fig. 7.20) is shunted by a capacitor C k , it will cause a rise in gain which will 
reach the maximum of a normal non-degenerative amplifier at frequencies where 
the reactance of C k is small compared with R k . C k may also be connected across 
portion of R k . 

If R k is shunted by an inductor L k> it will cause a similar rise of gain at low fre- 
quencies. 

(D) Degenerative cathode impedance (R k -f L k ) 

A degenerative cathode impedance with R k in series with L k may be used with r-f 
or i-f amplifiers. 
(F) Other forms of cathode degenerative amplifiers 

Cathode-coupling is described in Section 2(viii). 

A cathode-degenerative amplifier may be used as the first or second stage of an 
amplifier having an overall feedback loop, to provide improved stability and a flatter 
frequency response characteristic — see Sect. 3(v)E and 3(vii)C. 

(iii) Voltage feedback from secondary of output transformer 

Voltage feedback* may be taken from the secondary of the output transformer and 
applied to the grid or any other suitable electrode in the power amplifier valve or any 
earlier stage. Fig. 7.26 shows one form with feedback to the grid of the power am- 
plifier valve. This is limited to transformer input, and there is a further limita tion 

•For graphical treatment see Sect. 5(iii) and (iv). 
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in that the voltage across the voice coil may not be great enough to provide sufficient 
degeneration. It is important to avoid accidental reversal of the secondary terminals. 
This, and all its modifications, may be treated as pure voltage feedback following the 
formulae of Sect. 1, at least in the middle frequency range where j8 is equal to TJ 7\, 
the transformer turns or voltage ratio. It has the properties of mamtaining constant 
the voltage across the secondary, thereby avoiding the effects of transformer leakage 
inductance at high frequencies, and of reducing the transformer distortion. Un- 
fortunately, at very low and very high audio frequencies, the phase angle introduced 
by the output transformer tends to cause instability, the tendency being more pro- 
nounced as the feedback is applied over 2 or 3 stages. This subject is treated in detail 
in Section 3. 



Fig. 7.26. Voltage feedback from 

secondary of output transformer, 

over one stage. 




The push-pull form is merely a mirror image of the single-ended variety, and 
involves two separate secondary windings on the input transformer, and a centre-tap 
on the secondary of the output transformer, which is earthed. 

In either case, if the feedback voltage is greater than desired, the connection may be 
taken from a voltage divider across the voice coil (or each half of the transformer 
secondary). 





FIC. 727 FIC7 28 

Fig. 7.27. Voltage feedback from secondary of output transformer to cathode 

of preceding stage. 
Fig. 7.28. Voltage feedback from secondary of output transformer to grid of 

preceding stage. 

A form suitable for feedback over two stages is shown in Fig. 7.27 where the feed- 
back voltage is reduced by the voltage divider R1R2 and applied to the cathode of V x . 
The voltage divider total resistance {R x + R 2 ) should be at least 20 times the voice 
coil impedance, while R t should preferably be less than one tenth of £3, otherwise 
there will be an appreciable amount of negative current feedback* in Y x . Here 
A = voltage gain from grid of V x to voice coil, 

' -GrfsXg) (35) 

and r/ = R 4 at mid frequencies (36) 

Portion of the plate current of V x will flow through the secondary winding. It is 

sometimes found that a very small condenser C connected from the plate of V 2 to the 

cathode circuit of V t reduces the tendency to instability. 
A modified form providing feedback to the grid circuit of V ± is shown in Fig. 7.28 

(note the reversed connections to the secondary of the output transformer). This 

*In practice, this may be desirable. 
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avoids d.c. through the secondary winding, but the impedance of the preceding stage 
(R ) affects the value of p, A being unchanged, 

In this case the input resistance is decreased because the feedback voltage is applied 
in shunt from grid to cathode, 

r/ = RJ(\ - jM). (37b) 

This principle is also incorporated in Fig. 28.3 where feedback is taken from the 
secondary to a tapping on the volume control. 

A further modification, in which the amount of feedback decreases as the volume 
control is increased, is described in Chapter 35 (Fig. 35.3). 

See Sect. 2(vi) below for an analysis of a two stage amplifier with feedback from 
the secondary of the output transformer. 

(iv) Voltage feedback from plate — transformer-input 

A typical power output stage with negative voltage feedback from the plate to the 
bottom end of the secondary of the input transformer is shown in Fig. 7.29. The 
reactance of C is normally small compared with the total resistance of the voltage 
divider (i? x + R 2 ). The condenser C is placed in this position instead of between 
R« and plate since in the latter position the circuit may oscillate owing to the capacit- 
ance of C to grid. If there is a tendency to oscillate due to the leakage inductance 
of the transformer, a small condenser or a resistance, or both, may be connected across 
the input transformer secondary. 



Fig. 7.29. Voltage feedback from the 
plate to the grid circuit, using trans- 
former-coupled input. 




FIG. 7.29 



This arrangement reduces the amplitude distortion resulting from saturation of the 
output transformer core at low frequencies, and improves the low-frequency response. 
It does not, however, counteract the effect of leakage reactance at high frequencies. 
A = voltage gain of valve from grid to plate 
|8 = R 1 /(R 1 + R 2 ) 
and r/ is extremely high, being unchanged by the feedback (valve input impedance 
alone). 

The same method may be applied to a push-pull stage, but a transformer is required 
having two separate secondaries, and each valve must have its own feedback network. 
This circuit is not suitable for use with resistance coupling. 

(v) Voltage feedback from plate — r.c.c. input 

If it is desired to employ negative feedback from the plate to a resistance-capacitance 
input coupling, it is impossible to apply the feedback voltage in series opposition to 
the signal voltage. The only mann er of applying it is, so to speak, in shunt with the 
input signal. 

The simplest circuit is Fig. 7.30 in which V t is r.c. coupled to V 2 , and a feedback 
path R 1 C 1 is provided from plate to grid of V 2 . For normal applications C t is merely 
a blocking condenser to isolate grid and plate for d.c. The resistance R t acts as a 
shunt path for signal frequencies in much the same way as the Miller Effect ; the 
circuit behaves as though an additional shunt resistance equal to RJ{A Z + 1) were 
connected from grid to earth, A 2 being the numerical voltage gain of V 2 . This de- 
creased input resistance causes a reduction in overall amplification. The amplifica- 
tion of V 2 is not affected, but V x now has a heavy ax. shunt load, leading to increased 
distortion and possible overloading. As an example, for the gain to be reduced to 
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half, the additional a.c. shunt resistance across R„ will be equal to the total resistance 
of r Pl , R L and R g in parallel. A larger than normal value of coupling condenser (C) 
will obviously be required. 



Fig. 7.30. Voltage feedback from plate to 
grid, with resistance capacitance coupling. 
The feedback makes the ax. shunt load on 
V x considerably less than R B . 




As a modification of Fig. 7.30, R t may be made zero and C x may have a capacitance 
of about 10 to 100 p/iF to provide degeneration principally at high audio frequencies. 
This has been used very successfully in small receivers with very little margin of gain, 
but is only fully effective when no plate by-pass capacitor is used. 

An improved circuit is Fig. 7.31 (Refs. El, E3) in which R t and i? 2 form a voltage 
divider across the primary of the output transformer, R L being connected to the 
junction (X). If (i?i + R 2 ) is at least 10 times the load resistance of V 2 , the divider 
will have little effect on V 2 . It is obvious that the degree of feedback can be adjusted 
from zero to maximum by moving the tapping point X on the voltage divider from 
the B+ end to the plate end. If R 3 + R L >i? l3 where R, = r pl R g /(r P i + R g ), 
7? R 

*** p™- r^+t l ; rv+rT^ m 

An electrically equivalent circuit is Fig. 7.32 (Ref. E2) in which the two resistances 
R 8 and R* take the place of the three resistances R L . -R, and R 2 of Fig, 7.31. For 
identical operating conditions : 



R* 



(flx + R 2 )R L 



and Ri = 



RaRi 



i?2 * ^3 — Ri 

The value of jS in Fig. 7.32 is given by 

R 1111 



(39) 



(40) 





Figi 7.31. Voltage feedback applied in series with the load resistor. The reduction 

in effective resistance occurs in the load resistor itself. 
Fig. 7.32. Electrically equivalent circuit to Fig. 7.31, using one less resistor. 

Both these circuits (Fig. 7.31 and 7.32) have the effect of reducing the effective 
load into which Vx works. This has the merit of extending the response to higher 
audio frequencies. In Fig. 7.31 the effective value of R L becomes 

R L ' = R L K\P\A2 + 1) where |j3| = R 1 /(R 1 + R 2 ) 
and A 2 is the numerical voltage gain of V 2 . For example if |j3| = 0.1 and A 2 = 17, 
the effective load resistance changes from R L without feedback to 0.37 R L with feed- 
back. The load R L ' into which Y ± works is, however, not constant because A 2 varies 
due to distortion. This circuit is usually limited to values of |j3 1 not greater than say 
0.05 to 0.1 for typical applications. 

A similar effect occurs with the equivalent circuit Fig. 7.32 in which the feedback 
causes the effective value of R t to change to R t /(A 2 + 1). In both circuits Vx is 
preferably a pentode, although a high-mu triode may be used with less effectiveness. 
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Mezger (Ref. E4) has shown that it is equally valid to regard the plate resistance of 
V, (and consequently its amplification factor) as being reduced by feedback, leaving 
the external resistors unchanged. 

(vi) Voltage feedback over two stages 

Voltage feedback over two stages permits a wide choice of circuits, without the 
limitations which frequently arise with a single stage. 

(A) One of the deservedly most popular circuits is Fig. 7.33 in which feedback is 
taken from the plate of V z to the cathode of V x . The most serious Umitation to its 
use is that it cannot be applied without complications* to combined second detector 
and amplifier valves of the conventional type. It actually involves two types of 
feedback — the primary voltage feedback, and the subsidiary current feedback caused 
by the unbypassed cathode resistor in V x . 

This is a form of Duerdoth's multiple feedback — see Sect. 3(v)E — and the two 
feedback voltages must be added together to determine the performance. The 
subsidiary feedback increases the stability by reducing the slope of the pA characteris- 
tic over a wide range of very low and a wide range of very high frequencies. 




FIG. 7.33 



FIG. 7.34 



Fig. 7.33. Amplifier with voltage feedback from the plate of V 2 to the cathode of 
V x , also incidentally incorporating negative current feedback due to the unbypassed 

resistor R k . 
Fig. 7.34. Simplified a.c. equivalent of Fig. 7.33 for calculations. 



The following theoretical treatmentt is based on the simplified a.c. diagram 
Fig. 7.34. Here V 1 has constants n x , g ml) r pl while V 2 has ja 2 , gmt and r vi . Resistor 
R represents R [X and R g2 in parallel. It is assumed that, unless otherwise specified, 
the impedance of the input voltage source (R s ) is zero. 

The amplification of stage V x without negative current feedback is defined as A x 
where 

A x = EJE gX = kRKR + R k + r Pl ) (41a) 
The amplification of stage V 2 is given by 

A t = EJE g2 = ^R L 2/(R L2 + r p2 ) (41b) 

Also ti «* R*/(Rf + R k ) (41c) 

Now E = A x A 2 E gX (41d) 

Ei' = E gl + E k = E B1 + R k I k (41e) 

and I k = IihEiKR +R* + r rt )] + pE /R k (41f) 

= E 9 M(R + R k + r 9l ) + pAiAt/R*-] (41g) 

(neglecting E//(R gl + R k ) as being very small). 

Applying these values in equation (41 e) 

1 + „ , ^ * , + PAiAA (41h) 



E/ = E gl [l 



Also E = A x A 2 E gl 



R + R k + r, 
IHR 



R + R k + r. 



A,E a 



♦See Fig. 35.3 for one possible arrangement. 

tThe Editor is indebted to Mr. E. Watkinson for this method. 
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\R + R k + r Pl )yi + PA X A, + frRkKR +R* + r pl )J 2 
K.R \/ AtEtXR+Rt+r^ 



\R + R k + r vl )\R+R lt -Hr pl + i h .R t +pA 1 AJR+R k +r^)) 

= E ,( A^JL \ 

1 \R + (^ + l)R k + r pl + PAMR + R k +r pl )J 
A 2 ij-iR 



Ai^R 

{R + (^ + l)R k + 

Therefore E a = E- 



E^i^)+ *+-][' +<"■*] 



(41i) 



Also when R k = there is no current feedback : 



•K + r vl 
The overall amplification with feedback is given by 

A' =EJE i ' (41k) 

while that without feedback is given by 

A = E«/E t = A 2 ^R/(R + r Pl ) (411) 

Therefore -r- = 
A 



H^^^H[™]j ( ^ 



Therefore — 



A W4fp^) +s+ ' -][' + -^] 



(41m) 



Output impedance 

The effect of the unbypassed cathode resistor depends on the resistance of the 
source (R s ). 
Let S = R g /(R S + R g ) (42a) 

Let voltage E be applied across R L2 from an infinite impedance source with no 

input voltage applied to the amplifier. 

on. r Eo . E E EoB&AiHz ..... 

Then /„ = — + —+ + - p (42b) 

-^£2 ~P2 *V -T K k T p2 + -^£2 

The final term in eqn. (42b) is the effect of the voltage E 03 a fraction of which is 
fed back across R^ and amplified by V x and applied to the grid of V 2 . The effect 
in the plate circuit of V 2 is the same as though a voltage E^hA^i were applied to a 
series connection of r p2 and R L2 . 

Thus the " looking backwards " output terminal impedance is given by 

R > = *± = I 

I J_ J_ 1 P&AiH, (42c) 

R L 2 r T2 Rf + Rk r v2 + Rtf 

i.e. the effect of the feedback is to add another impedance, 

r. o2 + R L% 

pSA l( t 2 
in parallel with the output, as shown in Fig. 7.41. 



Input impedance 

r viRk i 



Ri = 



(42d) 



W E gl /R gl 

Therefore «/ _ R n [l + R + f' + tt*] ^ 
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Therefore %-= 1 + „ /f\ r + ^A 1 A 2 (42f) 

where R t is defined as the input resistance when R k = 0. 

Conclusions 

Eqn. (41m) shows that the effect of feedback in reducing gain in this circuit (Figs. 
7.33 and 7.34) is not given simply by the product of the current feedback gain re- 
duction and the voltage feedback gain reduction, each considered separately. 

Eqn. (41h) indicates that the two feedback voltages are effectively added so far as 
their effect on gain is concerned. This is in line with Duerdoth's multiple feedback 
theory in Sect. 3(v)E. 

Eqn. (42c) shows that the effective plate resistance of V 2 differs from that of an 
equivalent amplifier without current feedback only on account of 8. When the 
source impedance is zero, 8 has the value unity, and the effective plate resistance of 
V 2 is identical with that of an equivalent amplifier with voltage feedback only. 

It is obvious that current feedback in V r cannot directly affect the plate resistance 
of V 2 . The only indirect effect (through 8) is the result of partial application of the 
feedback voltage to the grid of V 13 which must also affect the gain. In other words, 
the impedance of the input voltage source affects the gain, the effective plate resistance 
and the output resistance R '. 

If the source is reactive, some non-linear frequency characteristic will occur — 
for example, if the source is a crystal pickup there will be some measure of bass 
boosting. 

The circuit of Fig. 7.33 tends to produce peaks at low and high frequencies in the 
response characteristic unless the feedback factor is low. An analysis of the peaks 
has been made by Everest and Johnston (Ref. H5) based on the ideal condition of 
zero-impedance screen circuits and unbypassed cathode resistors ; it also omits any 
complications arising from an output transformer. Methods for reducing or ehmina- 
ting these peaks are described in Sect. 3(vi) and (vii). 

The condenser C x in the feedback network of Fig. 7.33 is normally only a blocking 
condenser ; it may, however, be designed to produce a fixed degree of bass boost. 
Alternatively, C x may remain as a blocking condenser and a second condenser inserted 
at point X to provide bass boosting ; the latter may be shunted by a variable resistance 
to form a continuously variable tone control (see Chapter 15 Sect. 2 and Fig. 15.11). 

It will be demonstrated in Sect. 3 that feedback over two stages of r.c. coupling is 
normally stable ; this does not necessarily hold if cathode or screen by-pass condensers 
are used or if an iron-cored transformer forms any part of the feedback loop.* 

(B) Feedback from secondary of output transformer 

See Sect. 2(iii) and Figs. 7.27 and 7.28 for the general description of such an am- 
plifier. 

An illustration of the effects of negative feedback on a simple 2 stage a-f amplifier 
can be obtained by calculating! the low frequency response of the circuit of Fig. 7.35. 
In this simplified circuit batteries are used as voltage sources to minimize calculation, 
but the effect of cathode by-passes (or of screen by-passes) could be covered without 
difficulty by using Figs. 12.11 A and B and 12.3 A and C. 

The values of components used in interstage couplings have also been chosen for 
simplicity. Referring to Table 42 in Chapter 38 it will be seen that the reactance of 
a 0.01 ^F condenser (the coupling between the 6AV6 and 6AQ5) at 50 c/s is 318 000 
ohms. It is assumed that the series impedance of i?„ and the parallel combination 
of R e and the 6AV6 plate resistance [see Chapter 12 Sect. 2(xiii) Eqn. 15] is also 
318 000 ohms, so that at 50 c/s the reactance and resistance of the interstage coupling 
network are equal. 

♦The feedback loop is the complete path, commencing from, the point to which the feedback is re- 
turned, through the amplifier to the point from where the feedback is taken, back through the feedback 
network to the starting point. 

"j"The Editor is indebted to Mr. E. Watkinson for the calculation of this example. 
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Similarly the reactance of the output transformer primary at 50 c/s is equal to the 
plate resistance of the 6AQ5 in parallel with the reflected load and winding resistances 
(coupling 3). 




Fig. 7.35. Simple feed- 
back amplifier in which 
setting of volume con- 
trol alters feedback. 



Movement of the input volume control is assumed to have no effect on the fre- 
quency (12£ c/s) at which the reactance of the input condenser is equal to the resistance 
in series with it, say 2.55 megohms (coupling 1). 

The amplification factor, /*, of the 6AV6 is 100 and its plate resistance, r p , 80 000 
ohms, so the mid-frequency 6AV6 gain, A x [see Chapter 12 Sect. 2(vii)] is 
100 x 73 000 



A x = 



= 48 



80 000 + 73 000 
where 73 000 ohms is the value of R 6 and R 7 in parallel. 

The 6AQ5 fi is 210 and its r „ 52 000 ohms so that the 6AQ5 gain 
_ 210 x 5000 _ 

A * ~ 52 000 + 5000 _ 18,4 ' 
The output transformer impedance ratio is 5000/1.7 so that its gain 

A z = V 1.7/5000 = 1/54. 
Total gain from 6AV6 grid to voice coil : 

A = A x x A x x A 3 = 48 x 18.4/54 = 16 times = 24.1 dbvg.* 
When the volume control is turned to its minimum setting, one half of the output 
voltage is applied to the amplifier input, i.e. j8 = — £ and the factor 

1 1 J_ 

1 - M " 1 + 16 x i " 9 " 
As the volume control is turned up, a smaller amount of the negative feedback 
voltage is applied to the 6AV6 control grid, and when the control is 50 000 ohms 
from its maximum setting only one quarter of the previously used feedback voltage is 
effective (ignoring the shunting effect of R 5 ). In this case 
1 1_ 

1 - pA - T* 

The low frequency response curves will be calculated for each of these volume 
control settings, but it is first necessarv to obtain the response of the amplifier without 
feedback. This is done in Table 1 . Lines 1 and 2 of Table 1 are obtained from Figs. 
12.9A and B with 12£ c/s taken as the frequency for 70.7 per cent, voltage gain (when 
the reactance is numerically equal to the resistance) in line 1, and 50 c/s in line 2. 
Thus for the 25 c/s response in line 1 
Actual frequency 
Frequency for 70.7 per cent, frequency response 
so that attenuation = 1 db and phase shift = 27°, and so on for each of the other 
frequencies in the two lines. 

Line 3 is obtained by adding twice the attenuation and phase shift of line 2 (because • 
there are two 50 c/s couplings) to line 1. 

Line 4 is the result of adding the mid-frequency gain of the amplifier (24.1 db) 
to the attenuation and phase shift at each of the tabulated frequencies. This gives 
the frequency response as plotted at A in Fig. 7.36. 

In line 5 the gain A is expressed numerically, giving the actual gain at each fre- 
quency^^ _^ 

♦Gain expressed in decibels of voltage gain — see Chapter 19 Sect. l(vi)A. 
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Table 2 sets out the calculations necessary to obtain the modification of the fre- 
quency response by the application of feedback when /? = — \. Line 1 results 
from converting the attenuation expressed in db in line 3 of Table 1 to fractions, and 
line 2 is obtained by multiplying the mid-frequency gain, the attenuation and phase 
(for the frequency concerned) by jS. The result is /L4 which is plotted in Fig. 7.37. 
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Fig. 7.36. Frequency response of amplifier of Fig. 7.35 with zero feedback and 
two selected values of feedback. 

For the method of plotting this curve and for its significance see Sect. 3 of this Chapter. 
It should be noted that once the fiA curve has been obtained the effects of feedback 
on the gain and phase shift of the amplifier can readily be obtained graphically as 
discussed below. Lines 3 to 9 of Table 2 are the mathematical equivalents of the 
measurements mentioned below (1 and 5) which give the degree of degeneration or 
regeneration and the phase shift with feedback between output and input voltages 
at a given frequency. 




Fig. 7.37. Polar diagram for two selected values of feedback. 
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Lines 3 and 4 are the values 
for the sine and cosine of the 
angle of phase shift [see 
Chapter 38 Table 72 for magni- 
tude ; Chapter 6, Sect. 3(iii) 
for sign]. Line 5 expresses 
1 — PA in the form d + jb. 
Multiplying the magnitude of 
PA in line 2 by the sine of the 
associated angle gives the j term 
and multiplying by the cosine 
and adding 1 (because of the 1 in 
1 — PA) gives the real term. For 
example, at 100 c/s, 1 + 6.3 x 
0.4848 = 4.05 and 6.3 x 0.8746 
= 5.5 so that 1 - $A = 4.05 + 
j 5.5. 

Lines 6 and 7 convert 1 — fiA 
to polar co-ordinates again (the 
change to rectangular co-ordin- 
ates was necessary to add 1 to 
PA), line 6 being expressed in 
the form of the square root of the 
sum of the squares of the two 
terms in line 5 at the angle whose 
tangent is the imaginary term 
divided by the real term, e.g. at 
100 c/s the angle is tan -1 5.5/ 
4.05 = tan- 1 1.36 = 54° to the 
nearest degree. Where negative 
terms occur the appropriate 
quadrant is determined from the 
knowledge of the sign of the sine, 
cosine and tangent, all of which 
are known at this stage. 

Line 8 is the reciprocal of line 
7, so that magnitudes are divided 
into unity, and angles are re- 
versed in sign. In line 9 the 
magnitudes are expressed in db, 
and in line 10 the original gain A 
at each frequency is multiplied by 
1/(1 — PA) to give the response 
of the amplifier with feedback. 
Since lines 9 and 4 are both ex- 
pressed in db, the multiplication 
is carried out by adding the 
values in decibels. Line 10 is 
plotted in curve C of Fig. 7.36. 

Table 3 gives similar calcula- 
tions when jS = — 1/8 and the 
result is plotted in curve B of 
Fig. 7.36, while the smaller PA 
polar diagram is also plotted in 
Fig. 7.37. 

Several interesting aspects 
which are common to all feed- 
back amplifiers are brought out 
by these calculations and curves. 



TABLE 2 





Mid- 
frequency 


200 c/s 


100 c/s 


50 c/s 


25 c/s 


20 c/s 


18} c/s 


16 c/s 


121 c/s 


(1) Couplings 
1+2+3. Gain 


1.0 


0.93 


0.79 


0.48 


0.18 


0.12 


0.104 


0.073 


0.042 


<2)jM(|B--*) 


-8/0° 


-7.45,/ 32° 


-6.3/61° 


-3.8/1104° 


-1.44/. 153° 


-0.96/. 168° 


-0.83/173° 


-0.58^182° 


-0.34/197° 


(3) Sine 





0.5299 


0.8746 


0.9703 


0.4540 


0.2079 


0.1219 


-0.0349 


-0.2924 


(4) Cosine 


1.0 


0.8480 


0.4848 


-0.2419 


-0.8910 


-0.9781 


-0.9925 


-0.9994 


-0.9563 


(5) 1 - pA 


9+/0 


7.3 +/3.9 


4.05+/5.5 


0.08 +/3.7 


-0.28+70.65 


0.06+/0.20 


0.18 +/ 0.1 


o.42 -yo.02 


o.67 -yo.i 






















(6) 1 - PA 


V'9 a +0 2 /0° 


V 53.3 + 15.2/28° 


V 16.4 +30.3/54° 


V 0.078 +0.42/113° 


V 0,004 +0.04/73° 




(7) 1 - pA 


9/0° 


8.3/. 28° 


6.8/54° 


3.7/187° 


0.71/113° 


0.21/73° 


0.21/29° 


0.42/ -3° 


0.67/ -8° 


1 


0.11/0° 


0.12/1 -28° 


0.147/ -54° 


0.27/_ -87° 


1.4/1-113° 


4.76/ -73° 


4.76/ -29° 


2.4/3° 


1.5/8° 


1 -PA 


1 


-19.2/0° 


-18.4,/ -28° 


-16.6/ -54° 


-11.4/1 -87° 


+3.0/1-113° 


13.6/ -73° 


13.6/ -29° 


7.6/3° 


3.6/8° 


1 -PA 


A 


4.9/0° 


5.1/14° 


5.4/7° 


6.4/17° 


12.1/40° 


19.3/95° 


18/144° 


9.0/185° 


0.1/205 


1 - pA 



GO 

O 



i 














TABLE 3 












Mid- 
fiuquency 


200 c/s 


100 c/s 


50 c/s 


37J c/s 


25' c/s 


20 c/s 


16 c/s 


12* c/s 


(1) 1+2+3 Gain 


i/0° 


0.93/. 32° 


0.79/61° 


0.48/. 104° 


0.33/ 1124° 


0.18/. 153° 


0.12/. 168° 


0.073/. 182° 


0.042/. 197° 


(2)j&4;j8=-i 


-2/.0° 


-1.86Z.32 


-1.58/.61 


-0.96/. 104° 


-0.66/. 124° 


-0.36/. 153° 


-0.24/. 168° 


-0.146/. 182° 


-0.082/197° 


(3) Sine 





0.5299 


0.8746 


0.9703 


0.8290 


0.4540 


0.2079 


-0.0349 


-0.2924 


(4) Cosine 


1 


0.8480 


0.4848 


-0.2419 


-0.5592 


-0.8910 


-0.9781 


-0.9994 


-0.9563 


(5) 1-/8/4 


3+yo 


2.58 +/0.98 


1.77 +/ 1.4 


0.77 +/0.93 


0.63+/0.55 


0.68+/0.16 


0.755 +70.05 


0.855 -/0.005 


0.92-/0.024 












V0.40+0.30/.41" 










(6) I -PA 


\/3"+0 a /.0 o 


V6.65+0.96/.21 


V3.13+1.96/.38" 


\ 0.59 +0.86/. 50° 


V0.46 +0.02^13° 




(7) 1-pA 


3/0° 


2.76/. 21° 


2.26/. 38° 


1.21/50° 


0.84/. 41° 


0.69/. 13° 


0.76/. 4° 


0.86^/0° 


0.92/. -2° 


1 

(8) 

1-pA 


0.33Z.0" 


0.36/. -21° 


0.44/. -38° 


0.82/. -50° 


1.19/. -41° 


1.45/. -13° 


1.3/. -4° 


1.16/.0" 


1.09/2° 


1 

(9) (db) 

I -PA 


-9.6/_0° 


-8.9/. -21° 


-7.1/. -38° 


-1.7/. -50° 


1.6/. -41° 


3.2/. -13° 


2.3Z -4° 


1.3/.0 


0.7/2° 


A 

(10) (db) 

1-fiA 


14.5^0° 


14.6Z11° 


14.9/. 23° 


16.1/.54 


16.2/. 85° 


12.3^140° 


8.0/. 164° 


2.7/. 182° 


-2.8/. 199° 
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(1) The degree of degeneration (or regeneration) at any frequency marked on the 
polar diagram Fig. 7.37 can be obtained by measuring the distance at the appropriate 
frequency from the curve to the point 1,0. The same scale is used for the measure- 
ment as for plotting PA and the distance gives the amount of degeneration, e.g. the 
50 c/s point on the PA — — 8 curve is 3.66,8/4 units from 1,0, so gain reduction 
= 3.66 times = 11.3 db (compare 11.4 db Table 2 line 9). Again at 20 c/s, distance 
= 0.2 units so gain reduction = 0.2 times, i.e. gain increase = 5 times = 14 db (com- 
pare 14.1 db Table 2 line 9). 

It follows that at whatever frequency the PA curve crosses the circle with centre 
1,0 and radius 1, the gain of the amplifier is unchanged by feedback. For example, 
with jS/4 = — 8, the locus cuts the circle with radius 1 unit at a frequency of 28 c/s, 
which is therefore the frequency at which the gain of the amplifier is unchanged by 
feedback. 

The same result may be obtained from Fig. 7.36 where the intersection of curves 
PA = and fiA — — 8 is at 28 c/s. At lower frequencies the feedback is positive. 

(2) When PA = — 8 the low frequency peak is relatively much larger than when 
PA = — 2 (14 db when pA = — 8 and 2\ db when PA = — 2) and it occurs at 
a lower frequency. The reason can be seen from the polar diagram. When pA is 
large the curve is increased in size so that lower frequencies on the curve come closer 
to the 1,0 point. 

(3) When PA = — 8, the angle of pA varies from 0° to 197° but the angle of 
1 — PA varies from 0° to 113° to — 8° (Table 2). The reason can be seen from the 
polar diagram. Note the rapid 1 — PA phase shift near the regenerative peak and 
the reason from the polar diagram. 

(4) From the calculations it will be seen that, close to the mid-frequency, phase 
shift correction is approximately equal to 1/(1 — pA) e.g. when pA = — 8 at 200 
c/s in Table 2, a phase shift of 32° is reduced to 4°. 

(5) Although the feedback is regenerative as soon as the pA curve cuts the circle 
with centre 1,0 and radius 1, there is phase correction until the PA curve cuts the 
horizontal axis (between 18J and 16 c/s when pA = — >'). 
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Fig. 7.38. Construction to demonstrate correction of phase shift by negative feedback. 

The phase shift correction due to negative feedback is not directly obtainable from 
Fig. 7.37, but a construction to illustrate this effect is given in Fig. 7.38. In the 
diagram the larger curve (A = 16) is the polar diagram of the gain of an amplifier, 
plotted as before, while the smaller curve (PA = 8) is drawn for P = £. (For con- 
venience, P is here taken as positive),. 

Eg represents the voltage applied between grid and cathode of the input valve, and 
since it is drawn 1 unit in length, the amplification curve also represents the output 
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voltage E ( = 16 at the mid-frequency). Similarly the pA curve represents the 
feedback voltage, and the vector sum of the grid to cathode voltage and the feedback 
voltage gives the required input voltage with feedback, 

i.e. E a + pE = E-. 

Thus at the mid-frequency, 1 volt of input gives 16 volts of output without feedback, 
but 9 volts of input are required for the same output voltage with feedback. Since 
there is no phase shift, there is no phase correction. 

However at 250 c/s a phase shift of 23° has occurred and E has the magnitude 
and phase shown in the diagram. E{ is still the vector sum of E g and /3E as shown 
on the diagram, and the phase angle between feedback input voltage E/ and output 
voltage E is only about 3°. 

This checks as closely as the angles can be measured with Eqn. (51) Sect. 3(viii) 
of this chapter, taking into account the fact that E has a smaller value at 250 c/s 
than at the mid-frequency. 

At 50 c/s a phase shift of 106° between the voltage between grid and cathode of the 
first valve and the output voltage is reduced to about 17° between input voltage with 
feedback and output voltage, which is also in agreement with eqn. (12). 

As the phase shift in the amplifier proper approaches 180°, phase shift reduction 
from inverse feedback becomes smaller, disappearing at 180° and becoming an in- 
crease at greater angles. This can be visualized from Fig. 7.38 or demonstrated on 
a polar diagram on which the pA curve cuts the X axis between and 1 and returns 
to zero after passing through angles greater than 180°. 

(C) Feedback from plate, with transformer coupling 

The circuit is conventional, but there is danger of instability. See Sect. 3. 

'D^ Multiple feedback 

The theory of multiple feedback for the purpose of improving stability is covered 
in Sect. 3(v)E. Fig. 7.33 is an example of dual feedback, with a principal feedback 
loop and subsidiary feedback through the unbypassed cathode resistor in the circuit 



FIG. 7.39 
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Fig. 7.39. Amplifier with 
interconnected positive and 
negative feedback loops in 
which the negative loop is 
completely contained within 
the positive. 



FIG. 7.40 
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Fig. 7.40. Amplifier with 

interconnected feedback 

loops in which the loops 

overlap. 



of Vj. In the case of a 3 stage amplifier, the unbypassed cathode resistor could be 
in the first or second stage. It is highly desirable, in general, for some such form of 
subsidiary feedback to be used. It is normally desirable that the degeneration due 
to the subsidiary feedback should not exceed say 10 per cent, of that due to the prin- 
cipal feedback loop, since the subsidiary feedback increases the distortion in the 
final stage. For further details and more complicated circuits see Sect. 3(v)E. 
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7.2 



There are two general cases of interconnected feedback loops, the first in which 
one loop is completely contained within the other (Fig. 7.39) and the second in which 
the loops overlap as in Fig. 7.40. In each of the circuits the gain of the valves V\, V 2 
and V 8 is A 15 A a and A 3 respectively, and the size of the resistors R is such as to intro- 
duce negligible current feedback. 
For the circuit of 7.39 the gain reduction factor is 

1 

1 - olA^Az - PA 2 A 3 
(with a subject to the same convention as j?) and the effective plate resistance of V s 
becomes 

, = r*3 

rp3 1 - olA^A&z - PAzn 3 
For the circuit of 7.40 the gain reduction factor is 

1 

1 — ciAiAz — PA 2 A 3 
and the effective plate resistance of V 3 becomes 

Tp 3 



I-—; 



$A % \L 3 



1 — txAiAi 
(vii) Voltage feedback over three stages 

When the feedback is taken over three stages, there is a strong likelihood of experi- 
encing instability at extremely low and high audio (or ultrasonic) frequencies (see 
Sect. 3). There are several popular circuits : 



FIG. 7.42 
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* NORMAL VALUC wppr. 

Fig. 7.42. 30 watt push-pull amplifier with voltage feedback from one output 
plate to the screen of the first stage. Stability is ensured by adjustment of condenser C x . 

(A) Feedback from plate of V 3 to screen of V x (Fig. 7.42) 

This circuit is very satisfactory for push-pull amplifiers. As the feedback is taken 
from one plate only, the output transformer should have very tight coupling between 
the two halves of the primary (i.e. very low leakage reactance). The amplifier and 
feedback network have been designed to give a flat response over a wide band of fre- 
quencies, with the intention of introducing additional attenuation at one point only. 
No instability has been experienced, and practically no rise in response, at low audio 
frequencies. On a resistive load, the high frequency response has a slight peak at 
about 40 000 c/s, while on a loudspeaker load the peak is much larger and occurs at 
a lower frequency. Attenuation is provided by the condenser C x from the plate of 
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the first valve to earth, with the results on frequency response shown in Fig. 7.43, 
for resistive loading. 

FIG. 7.43 



Fig. 7.43. Frequency res- 
ponse curves for amplifier of 
Fig. 7.42 on resistive load with 
several values of C v 
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In the absence of C x and on a loudspeaker load, parasitic oscillations may occur at 
a fairly high output level. These are largely independent of the input signal frequency 
but are found to occupy a s m al l part of the cycle, with a parasitic frequency in the region 
of 30 000 to 40 000 c/s. The effect on music is not very apparent, but a single input 
frequency shows a slight " breaking up " effect when the parasitics appear. The 
best check is by the use of a C.R.O. 

The feedback is equivalent to overall voltage feedback, and follows the usual 
formulae, except that it is necessary to allow for n 9lg2 of the first valve in the calcu- 
lations for j3 and A. In this case : 

'j8 = 16 000/(16 000 + 2 000 000) = 0.008 
A = amplification from first grid to final plate divided by /t„ lff2 
= 2730/20 = 136.5 

Calculated gain reduction 1/2.1 

Measured gain reduction 1/2 2 

Input voltage for 30 watts output = 0.2 volt r.m.s. 

Distortion at 30 watts output : H s = 0.7%, H 3 = 0.9%, H 4 = 0.1%, H s = 
0.2%. Total 1.16% r.m.s. 

Intermodulation distortion (Amplifier A513) : 

Conditions of test — input frequencies 60 c/s and 2000 c/s (voltage ratio 4:1) 

Power output (r.m.s.)* 4 10 14 20 24 watts 

Equivalent power** 5.9 14.7 20.6 29.4 35.4 watts 

Intermodulation 2.9 7.7 10 17.5 42% 

*r.m.s. sum of two output frequencies 

**rjn.s. sum x 25/17 to give the single frequency power having the same peak 
voltage swing (see Chapter 14 Sect. 3). 

Any further increase in the degree of feedback is likely to prove difficult (see Sec- 
tion 3). 

When a circuit is used which applies negative feedback to the screen of a 
pentode, the input capacitance is increased by 

lhC 9ltt \p\A 
where /*« is the " triode amplification factor " 

C Bl „j is the capacitance from control grid to screen 
jj3| is numerical value of j8 
and A is voltage gain from grid to the point from which the feedback is returned. 

(B) Feedback from secondary of output transformer 

This introduces additional phase shift in the amplifier and requires very careful 
design of the output transformer for all but small degrees of feedback. The feedback 
voltage is usually taken to the cathode of the first valve, but if there is transformer 
input to the first stage then it may be returned to the transformer secondary (as Fig. 
7.26). This method may be applied equally to both single-ended and push-pull 
amplifiers. 
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Fig. 7.44 is the circuit of such an amplifier using push-pull triodes, with extra- 
ordinarily low distortion. It is based on the design of Williamson (Refs. F4, F6). 
The first triode (VJ is direct-coupled to the grid of a phase splitter (V z ) which in 
turn is r.c. coupled to push-pull triodes (V a and V£ and thence to the output stage. 
No by-pass condensers are used and the only reactances to cause phase shift at low 
frequencies are the two grid coupling condensers. The circuit has a number of 
refinements which are described in the references. 




Fig. 7.44. Amplifier employing voltage feedback from the secondary of the output 

transformer, with push-pull triodes. The amplifier is virtually distortionless up 

to an output of 11 watts, and has a smooth overload up to 16 watts. 

The original version used type L63 valves in place of each half of the 6SN7-GT, 
and type KT66 as triodes in the output stage. The circuit shown (A515) gives almost 
identical results, but type 807 valves are used in place of type KT66. 

The specifications laid down by Williamson for the output transformer are as 
follows : 

Primary load impedance 10 000 ohms, centre-tapped 

Primary inductance 100 henrys, min. 

Leakage inductance, series 

(whole prim, to whole sec.) 30 millihenrys, max. 

Primary resistance 250 ohms, approx. 

Commercial transformers wound to the original winding data supplied by Williamson 
perform quite satisfactorily, although some difficulty may be experienced where the 
winding structure differs from that recommended. .This is brought about by the 
increase in interwinding capacitances which may result. 

Several manufacturers have recendy marketed some wide range output transformers 
which are a considerable improvement on that specified above. 

In one particular transformer, the Partridge CFB, the series leakage inductance, 
the winding resistances and weight have been reduced by a third, but the power 
handling capabilities have been increased four times. The core distortion at a level 
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of 16 watts has been reduced ten times and the important leakage inductance existing 
between the halves of the primary has been decreased thirty times. 

These improvements mean that this transformer, when used in the original William- 
son circuit, will give a greater stability margin or alternatively will permit the use of 
a greater amount of feedback. 

Distortion will be appreciably reduced in any amplifier by the use of a well designed 
transformer of such a type. 

Distortion with amplifier A515 

Power Output H 2 H z 

11 watts 0.01 0.04 
14 watts 0.075 0.35 
16 watts 0.04 0.92 
The smooth overload is a particularly valuable feature. 

Intermodulation distortion 

Conditions of test — input frequencies 60 c/s and 2000 c/s ; higher frequency 

12 db lower than 60 c/s level. 

Power output (r.m.s.)* 4 6 8 10 12 watts 

Equivalent power** 5.9 8.8 11.8 14.7 17.6 watts 

Intermodulation 0.17 0.27 0.72 3.7 8.8% 

*r.m.s. sum of two output frequencies 

**r.m.s. sum x 25/17 to give the single frequency power having the same peak 
voltage swing (see Chapter 14 Sect. 3). 
Note : 

In the circuit of Fig. 7.44, a capacitance may be inserted in series with the 5000 
ohm resistor in the feedback circuit to provide bass boosting for equalizing purposes 
in record reproduction ; see Chapter 15 Sect. 9(ii)B, 

A modification of this circuit, which provides for bass boosting, is given in Fig. 
15.58A. 

A new version of the Williamson amplifier, together with pre-amplifier and tone 
control (Ref. F9) is given in Figs. 17.35B,C,D,E,F,G. See also Chapter 13 Refs. 
F4, F5, H15. 

Modified forms of the Williamson amplifier are given in Refs. F6, F8 and Chapter 

13 Refs. H5, H6, H8, H10, H12. 

(C) Bridge circuits 

Amplifiers can be designed with bridge circuits in both input and output circuits, 
which prevent any modification of the input and output impedances and which also 
eliminate any phase shift round the feedback loop caused by reactances introduced 
through the input or output circuits (Refs. Al, A2, All). 

(viii) Cathode-coupled phase inverters and amplifiers 
(A) Cathode coupled phase inverters 

The fundamental circuit is Fig. 7.45 and requires two triode units with both 
cathodes linked, a common cathode resistor R k and separate plate resistors R L1 and 
R L2 . Three tappings are required on the battery or potential divider across the B 
supply. The input voltage is applied between the two grids (Ref. Gl). 

If both V x and V % have identical characteristics and R L1 = R Li = R L , it may 
be shown (Ref. C7) that 

E AB = i*E t R L KR L + r P ) (43) 

where E, = signal input voltage applied between the two grids 
and E AB = signal output voltage between points A and B. 

Similarly, where E A and E B are the voltages from these points to earth, 
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The two voltages thus differ by a small amount, which can be reduced by using a 
large value of R k and/or by using high mu valves. If the remaining out-of-balance 
is still serious, it may be eliminated entirely by making R L1 slightly smaller than R L2 
so as to give exact balance. 





FIG. 7.45 FIG. 7.46 

Fig. 7.45. Fundamental circuit of a cathode coupled phase inverter. 
Fig. 7.46. Fundamental circuit of a cathode-coupled amplifier. 

One stage of a cathode-coupled phase inverter may be coupled to a second (Ref. 
C7) and the output of the latter will be almost exactly balanced. 
The same principle may be applied to the power output stage (Ref. G6). 
The circuit of Fig. 7.46 may also be used as a phase-inverter. 
See also Chapter 12, Sect. 6(vi). 

(B) Cathode-coupled amplifiers 

The fundamental circuit of a cathode-coupled amplifier is shown in Fig. 7.46 in 
which V x and V 2 are twin triodes with a common cathode resistor R k . The output 
may be taken from either A or B, A being 180° out of phase with the input, while B 
is in phase with the input voltage. 

Output from A : Gain A/ = r— = ; 5"7 — , ,/,!■ . p , — t~7vi t 46 ) 

r„ -:- R L1 + rpR^n + l)/[r, + RAn + 1)] 

(Note : R L z may be shorted-out.) 

The plate resistance is increased by r„ and R k (n + 1) in parallel. The m ini m u m 

value of A' is half the gain without feedback (when R k = 0). (Ref. G2). 

Output from B : (Note : R L1 may be shorted out) (Refs. G2, G4) 

r . A , = hRl2 

vrain A% ^ + R ^ + ^ + Rj j /Rt(ll + 1} 

If fiR k >r„ then A.' *t - tiR L J{2r p + R Li ) 

In reality, the values of /t and r p are not constant and not equal for the two units 
in the twin triode. A rigorous analysis (Ref. G17) provides a straight forward method 
for the accurate derivation of the amplification when the output is taken from B. 

Outputs from A and B (special case of phase inverter). 

The gain is somewhat less than with Fig. 7.45, but the circuit is often more con- 
venient. 

There are many applications of this circuit which are described in References 
(G) also C7, D6 and J2 ; see also Chapter 12 Sect. 9(iii). 

(ix) Hum 

The hum in a practical amplifier is not always reduced by the factor 1/(1 — jEM) 
as in eqn. (12), Sect. 1 but sometimes is decreased according to a different law, and 
sometimes is even increased by the application of feedback. All hum arising from 
sources within the amplifier and which is independent of the signal level, may be 
represented by an equivalent hum voltage in series with the input voltage ; this is 
reduced in all cases by the factor 1/(1 — pA). 

(A) Hum originating in the grid circuit of a single stage amplifier will be reduced 
by 1/(1 - pA). 

(B) Hum caused by heater-cathode leakage is reduced by 1/(1 — f$A) with 
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voltage feedback. With feedback from an unbypassed cathode resistor, however, 
the cathode-to-earth impedance is often very high, and the hum is thereby increased. 
With the circuit of Fig. 7.20 the hum voltage in the output is 

R* + R**' (n + l)R* + r, + R L (49) 

where E h = heater voltage (rjn.s.) 
and R hk = leakage resistance from heater to cathode. 
(C) Hum originating in the plate supply voltage 

[ The examples below are based on the following power amplifier valves under typical 
operating conditions : 

Type 

p (triode connection of pentode) 
r„ 

Rl 

A 

Voltage feedback is taken as 20% (i.e. p = — 0.2). 

Current feedback is based on R k = 250 ohms.] 

Case (1) Transformer-coupled output with voltage feedback from the 
secondary (Fig. 7.26) 

In this case the hum is multiplied by the factor 1/(1 — j3v4) [= 0.61 for type 2A3 
and 0.21 for type 6V6-G T'\. The result is that the feedback reduces the hum slightly 
in the case of a triode and very considerably in the case of a pentode. If a hum- 
bucking coil is used, the number of turns will require readjustment for negative 

C 11 ,_1_ 

Case (2) Transformer-coupled output with voltage feedback from the plate 

(Fig. 7.29) 

In this case the feedback voltage is a fraction of the output voltage plus the hum 
voltage across the condenser C 2 . 

If V x is a triode, the hum voltage without feedback is 

E h0 = E h R L KR L + r P ) (50) 

[Example : E h0 = 0.76£ A for type 2A3.] 
while the hum voltage with feedback is 

E h0 ' = E h RJ(R L + O (51) 

[Example : E h0 ' = 0.85i? ft for type 2A3] 
where E bQ — hum voltage output without feedback 

.Sao' = hum voltage output with feedback 
and E h = hum voltage across condenser C 2 . 

Since r„' = rj(\ — j3/t) is less than r v , the hum with feedback is greater than the 
hum without feedback : 

Eko _ R L + r P _ 1 — pp ^ 

E h0 ~ R L + r,' _ 1 - pA K } 

[Example : E h0 '/E h0 = 1.12 for type 2A3] 
If V x is a pentode, the hum voltage without feedback is 

E h0 = E h [R L /(R L + r 9 ) + R Ll i giP KR L + r P )} (53) 

[Example : E h0 = (0.09 + 1.96) E h = 2.05 E h for type 6V6-GT] 
while the hum voltage with feedback is 

E k0 ' = E h [R L /(R L + r„') + R L ii at9 f{R L + r p - fipR,)-] (54) 

[Example : E h0 ' = (0.81 + 0Al)E h = l.22E h for type 6V6-GT] 
where /i B2l > = mu factor from screen to plate without feedback 
« f»»i»/^irt [= 215/9.6 = 22.4 for type 6V6-GT.J 
It will be noticed that the screen and plate effects are additive ; it is only with 
parallel feed (see Case 3 below) that they oppose one another. The " screen " com- 
ponent of E h0 ' is equal to that without feedback multiplied by 1/(1 — /L4). This is 
not a good circuit for low hum, either with or without feedback ; these remarks also 
apply to Figs. 7.30, 7.31, 7.32, 7.33 and 7.42. 



350 (ix)(C) HUM ORIGINATING IN THE PLATE SUPPLY VOLTAGE 7.2 



If the screen is perfectly filtered, the second term in eqn. (54) becomes zero. 
[Example : E h0 ' = 0.81E h for type 6V6-GT.] The effect of feedback on the hum is 
then given by eqn. (52) with the substitution of the correct values of /x and A [Example : 
E ho '/E h0 = 9.2 for type 6V6-GT]. 

Case (3) Parallel feed with voltage feedback (Fig. 7.47). 

When V x is a triode, this is an excellent circuit for low hum, both with and without 
feedback, provided that L x has a reactance, at the hum frequency (i.e. twice supply 
frequency for full wave rectification) at least several times the impedance of r„' and R L 
in parallel. 

When V x is a pentode, the hum due to the plate circuit is low but that due to the 
screen is high. Screen filtering (L 2 C 2 ) is required for low total hum ; this is improved 
by feedback so that the screen filtering may be omitted in some applications. 

Without feedback, when V x is a triode, the hum voltage is applied to a voltage 
divider with coL x in one arm and R in the other, where R = r p R L /(r p + R L ). For 
ease in calculation it may be expressed in the form 

E A0 = cos d.E h where 8 = tan~ 1 L 1 /.R (55) 

[// wL x = 25 000 ohms, and R = 606 ohms as for type 2A3, 
then d = tan~ 1 4:1.2 = 88.6°. Thus 
cos 6 = 0.024 and E hQ = 0.024£ A ]. 

With feedback, E h0 ' = E M /{1 - pA) (56) 

[Example : E h0 ' = 0.024/1.64 = 0.015 for type 2A3]. 

When V x is a pentode without feedback 
E hQ ss* E h [cos 6 - R L n a2p /(R L + r„)] 
where 6 = tan -1 o>L x /R as for the triode case 
and R = rjtt/ir,, + R L ). 

The second term in eqn. (57) is only approximate, since it is assumed that the 
shunting effect of oL x on R r has no effect on the gain ', this is very nearly true when 
a>L x is at least equal to 10R L . 

[Example : If <oL x = 25000 ohms, and R — 4560 ohms as for type 6V6-GT, then 
= tan' 1 5.48 = 79.7°. Thus cos B = 0.179 and E h0 = (0.179 - 1.96)E h 
= — 1.78E h . With screen filtering, this would be considerably improved.] 

With feedback, E h0 ' = E h0 /(l - pA). (58) 

[Example : E h0 ' = (- 1.78/4.8)£ A = - 0.37E h for type 6V6-GT.] 

If L x is replaced by a resistor R, the necessary substitution for jwL may be made in 
the equations for hum. Similarly, the transformer-coupled load (R L ) may be re- 
placed by a following grid resistor R„. 



o-\< 



(57) 





FIG. 7.47 



FIG. 7.48 



Fig. 7.47. Circuit of an amplifier with parallel-fed transformer output and negative 
feedback supplied from the plate. 
Fig. 7.48. Cathode follower with parallel feed. 

With this type of amplifier, hum balancing arrangements inside the amplifier are 
unaffected by the feedback. An adjustment of the hum bucking coil (if used) in the 
loudspeaker will be necessary. Any type of feedback circuit may be used, either 
from the plate, or from the primary or secondary of the output transformer. 

Case (4) Cathode follower with parallel feed (Fig. 7.48) 
In this case the plate resistance is reduced by the factor l/(/i + 1), and the hum 
output voltage is decreased by the factor !/(/* + !). If a pentode is used, the screen 
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capacitance by-pass to cathode (C in Fig. 7.16) may be adjusted to neutralize hum 
(Ref. C14). 

Case (5) Transformer-coupled output with feedback from an unbypassed 
cathode resistor (Fig. 7.49) 

The hum arising from the plate and screen circuits is the same as for Case (2) except 
that r p is now greater than r P (Eqn. 51) : r p = r p + (n + l)R k . With a triode 
the hum is less with current feedback than without feedback. [Example type 2A3 : 
E h0 '=0.54E h ]. With a pentode the total hum from plate and screen is always de- 
creased by current feedback 

I? / 17 r ^i H-glv^L ~| 

"° = Eh lR L + r P + R k ^ + 1) + R L + r, + {^ + ^ P )R k j 
where the first term is for the platej and the second for the screen circuit, 
[Example : E h0 ' = (0.04 + 0.97)E h = 1.01E h for type6V6-GT.] 



(59) 



FIG. 7.49 



FIG. 7.50 





INPUT 



Fig. 7.49. Transformer-coupled output with feedback from an unbypassed cathode 

_ resistor. 

fig. 7.50. farallel-fed transformer-coupled output with feedback from an unby- 
passed cathode resistor. 

Case (6) Parallel feed, with feedback from an unbypassed cathode resistor 

(Fig. 7.50) 

With a pentode, the " plate " hum is increased by feedback from an unbypassed 
cathode resistor, while the " screen " hum is the same as for transformer-coupling 
(Eqn. 59) except for the sign. 

F , ^ „ f r » + r Ap + !) P*#L 1 r60 >, 

A ° ~ nh lR L + r p + R^ + l) R L +r P + (n + n g2P )R k j K J 

The first term also applies to a triode. The approximation is from regarding 2?* 
as the load, instead of R k in parallel with o>L. 

[Example of triode : E h0 ' = 0.46J? A for type 2A3. 

Example of pentode : E h0 ' — (0.95 - 0.97)E h = - 0.02E h . 

This gives almost exact hum neutralization.] 

References to hum : B3, B4, B5, B7. 
Summary — hum originating in the plate and screen supply voltages 

With triodes, the output hum voltage is always less than the hum voltage from 
the plate supply. In the examples given above, it varies from 46% to 85% of the plate 
supply hum voltage with one exception. The exception is transformer-coupled output 
with parallel-feed, feedback being taken from the plate, for which the output hum is 
only 1.5% of the plate supply hum voltage (Case 3). 

With pentodes or beam power amplifiers the Output hum may exceed the plate 
supply hum voltage, owing to the effect of the screen. This occurs with Case (2) 
which is the conventional transformer-coupled output both without feedback and 
with voltage feedback from the plate. The only circuit giving very low output hum is 
Case (6) which applies to transformer-coupled output with parallel feed and with 
feedback from an unbypassed cathode resistor. The second best is Case (1) with 
feedback from the secondary, while the third best is Case (3) with parallel feed, having 
feedback from the plate. 

The examples given above have been tabulated for ease in comparison, including 
some cases also without feedback, and some with the screen circuit perfectly filtered. 
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Relative hum voltage with 
Case Fig. 2A3 6V6-GT Conditions 

1. 7.26 0.61 0.21 with feedback 

2. 7.29 0.76 2.05 without feedback 

0.85 1.22 with feedback 

- 0Q J without feedback and with screen 

\ perfectly filtered 
n si I w ^ 1 feedback and with screen 
Ulbl \ perfectly filtered 

3. 7.47 0.024* 1.78 without feedback 

0.015* 0.37 with feedback 

/without feedback but with screen 

— 0.179 < perfectly filtered 

n c\vj f ^^ feedback and with screen 

— U.U47 ^ perfectly fii ter ed 

5. 7.49 0.54 1.01 with feedback 

6. 7.50 0.46 0.02* with feedback 

•Very low output hum. 

(x) Some special features of feedback amplifiers 

(A) It is important to ensure that the frequency range of the input signal applied 
to a feedback amplifier does not extend in either direction beyond the " flat " fre- 
quency range of the amplifier. The reason for this is explained below. 

The voltage applied to the grid of the first valve in a multi-stage amplifier with 
overall feedback is equal to the difference between the input signal and the fedback 
voltage. For example, assuming 20 db of feedback, the signal voltage may be 1 volt, 
the fed-back voltage 0.9 volt and the voltage applied to the first stage will then be 
1 — 0.9 = 0.1 volt. At some frequency well outside the " flat " frequency range 
of the amplifier, where the amplifier output is 20 db down, the fed-back voltage will 
be 0.09 volt for a 1 volt signal, leaving a difference of 0.91 volt applied to the grid of 
the first valve — i.e. nine times its normal input. This may not overload the first 
stage, but it will probably overload the subsequent stages and cause serious distortion, 
even though the frequency is itself inaudible. 

Even at a frequency which is only 1 db down, the signal voltage may be 1 volt, 
the fed-back voltage will then be 0.8 volt and the difference of 0.2 volt will be applied 
to the grid of the first valve ; twice normal. It is therefore essential to restrict the 
input range of frequencies, and it is also advisable to place the coupling having the 
highest attenuation as close as possible to the input of the amplifier (Ref. F7). 

(B) Damping on transients 

See Sect. 3(v) including " Design Tests." 

(C) Overload test 

See Sect. 3(v) " Design Tests." 

(xi) Combined positive and negative feedback 

The principle of combined positive and negative feedback has been outlined in 
Sect. l(v). 

A practical version of such an amplifier with push-pull output is shown in Fig. 7.51 
(Ref. F10). The overall negative feedback is obtained from the secondary of the 
output transformer T x and is fed through R 6 to the cathode of V g . Shunt capacitor 
C B affords some feedback phase correction at very high frequencies. The feedback 
gain reduction is 9 db, and becomes 1 1 db with the positive feedback disconnected. 

The positive feedback is obtained from the grid of V 4 and is fed through R x and C t 
to the grid of V 2 . The positive feedback voltage is developed primarily across R t 
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F#. 7.51. 



Two stage amplifier using combination of positive and negative feedback 
(Ref. F10). 



and C 2 since the plate resistance of V t is relatively small, and the input resistance of 
the grid of V 2 is high. The increase in gain due to positive feedback is about 26 db 
at 400 c/s. About one tenth of the voltage on the grid of V 4 is fed back to the grid of 
Vg. The resistance of R x is therefore made about nine times that of r^? an<a w 2 uas 
about nine times the capacitance of C x . Because of the highly degenerative nature 
of the phase inverter, the balance is not appreciably affected by the additional load 
of the positive feedback network. 

Some phase shift in the positive feedback is obtained at extreme frequencies in 
the stages V 2 and V 3 due to electrode and stray capacitances, and due to the blocking 
capacitors. The input capacitance of the grid of V 2 causes a further phase shift, so 
that the polarity of the product /3 X A x reverses from positive to negative at extremely 
high frequencies, where $ x and A x apply to stage V 2 . The input capacitance of V 2 
is primarily Miller Effect due to feedback through its grid-plate capacitance at very 
high frequencies where the overall feedback is positive or small. 

In some designs it may be necessary to connect a small capacitor from the grid of 
V 2 to earth, or to use a more elaborate phase shift network to obtain a sufficiently 
rapid phase turnover in the local feedback. 

At extremely low frequencies most of the local feedback current flows through R 3 
instead of through C 2 , so that a phase shift is obtained, which together with the phase- 
shifting action of the 0.03/aF blocking capacitors in stages V 2 and V 3 , is sufficient to 
cause the desired phase reversal. In practice, the phase reversal frequencies are 
placed as far outside the desired pass band as good stability permits. 

The output transformer is quite small, the core area being only £ in. by £ in. 

The maximum third harmonic distortion at 400 c/s is 0.24%, higher harmonics 
being relatively small, at 8 watts output, measured at the secondary. At 100 c/s 
the highest harmonic is the second, with 0.12% for 8 watts output. At 50 c/s, with 
5 watts output, third harmonic distortion is 0.88%, while at 2000 c/s with 4 watts 
output the third harmonic is 0.23%. The intermodulation distortion is 40% with 
no feedback, 8% with negative feedback alone and 1.9% with combined positive and 
negative feedback under the following conditions — output 8 watts, 4:1 ratio with 
frequencies 60 and 7000 c/s. With frequencies of 100 and 7000 c/s the intermodula- 
tion distortion is only 0.84%. The output circuit regulation is quoted as 0.1 db at 
400 c/s as compared with 2.7 db for positive feedback disconnected, or 19 db with 
no feedback (Ref. F10). 
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It is possible to apply overall negative feedback together with positive feedback 
from a tapping on the cathode resistor of a phase-splitter through a coupling resistor 
to the unbypassed cathode of the preceding r.c. pentode, and thus increase the gain. 
The increased gain may require additional filtering (Ref. F16). This may also be 
used with direct coupling (Fig. 7.51A and Ref. Fll). 




Fig. 7, 51 A. Direct-coupled iriode 
amplifier V x and phase splitter V 2i 
zoith positive feedback from the 
cathode circuit of V z to the cathode 
of V x (Ref. Fll). 



It is possible to omit the by-pass condensers from the cathode bias resistors in the 
final and penultimate stages of an amplifier or receiver (or any other two successive 
stages) and to bring the gain back to normal by means of positive feedback, using only 
one resistor coupling the two cathodes as in Fig. 7.51B. 



FIG. 7.51 B 



Fig. 7.51B. Positive feedback from 
the cathode of V 2 through R t to the 
cathode of V x to offset the loss of 
gain by the omission of both by-pass 
condensers. 




This circuit (Fig. 7.51B) may also be used with any desired degree of feedback. 
The effective plate resistance of V a may be increased or decreased by the positive feed- 
back as shown by the following analysis and Fig. 7.51C. Here R x replaces -R 7 and R a 
in parallel, no input signal is applied but a signal generator E is inserted in the plate 
circuit. It is assumed that R t is very much greater than R a . We thus obtain 



/-i- 



IR Z to IR 3 \fi\A lf i t 
■ R» 



where R A = R b + r p2 + R 3 

R B =R 6 + r p2 + R a (^ 2 + 1) 



(61) 



and 



Ri +r, 
R* 



+ R a 



1 R t + Rt 
From (61) we may derive 

/= B 



R, 



R,\p\A lf ^R 4 /R B 
E 



R 6 + r Pi + R 3 [to + 1 - (\P\AmR 4 )/R B ] 
and hence r P2 ' = r„ + £ 8 |>2 - (IPI^W^)/**] ( 62 ) 

where |j8| and A have the values defined below eqn. (61). The second term on the 
right hand side of eqn. (62) is the increase in effective plate resistance due to the un- 
bypassed cathode resistor of V z , while the third term is the decrease in effective 
plate resistance due to positive feedback. It is obvious that, by a suitable choice of 



7.2 (xi) COMBINED POSITIVE AND NEGATIVE FEEDBACK 355 

fiA u it is possible to obtain any desired value of effective plate resistance from very 
high values to very low, even zero or negative values. If the resistor i? 4 is made 
variable, the effective plate resistance may be varied over a wide range. The addition 
of overall negative feedback will make the gain nearly constant for all settings of R t , 
and will also decrease the distortion and reduce the effective plate resistance to any 
values desired (Ref. F17). See also Ref. J19. 

The addition of positive feedback will increase the phase shift and may increase 
the tendency towards instability at very low and very high frequencies ; care should 
be taken to reduce to a minimum the phase shift within the, positive feedback loop. 
The general principles of designing for stability are the same as for negative feedback 
— see Sect. 3. 

It is normally inadvisable to return the positive and negative feedback loops to the 
same point in the input circuit. If both are taken to the same electrode, a bridge 
network may be used for isolating their effects. Each 6 db increase in g ain due to 
positive feedback will double the distortion in this stage ; for example 24 db increase 
in gain will increase the distortion in this stage by 16 times. This will then be reduced 
by the negative overall feedback in accordance with the usual relationship. Refer- 
ences to positive and negative feedback— Refs. F10, Fll, F12, F13, F15, F16, F17 ; 
Sect. 3(v)E. 
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Fig. 7.51C. Analysis of circuit of Fig. 7.51B to determine the effective plate 

resistance of V 2 . 
Fig. 7.51D. Choke coupled phase inverter {Ref '. F 14). 

(xii) Choke-coupled phase inverter (Ref. F14) 

The choke-coupled phase inverter of Fig. 7.51D has been designed to give higher 
output voltages than the conventional phase splitter, to be practically unaffected by 
the flow of grid current in V t and to have small phase shift. The two identical chokes 
L in the plate and cathode circuits are tightly coupled so that this duty is performed 
by a 1 : 1 a-f transformer. This transformer applies negative voltage feedback to 
the input circuit, and thus causes a low effective plate resistance. Design must aim 
at a high total inductance to keep phase errors small, and a low leakage inductance 
if it is desired to keep the effect of grid current small. A fixed bias voltage is applied 
between terminals X, having polarity and magnitude to give, in conjunction with the 
voltage drop in the cathode choke, the correct grid bias. The complete analysis 
is given in Ref. F14. 

The voltage gain is given approximately by 

(i-R.2 
A ^ I -L'^P J-~ Where X > R 2 

(/i + 2)R Z + r v 
and the phase shift between input and output is given exactly by 

tSa<l, = (n + 2)R 2 +r/x- 
where X = 2«(L + M). 

X may be taken to include any self-capacitance or other stray capacitance. 

As a result of the small phase shift, this circuit may readily be used in feedback 
amplifiers. 
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SECTION 3 : STABILITY, PHASE SHIFT AND FREQUENCY 

RESPONSE 

(0 Stability and instability (ii) Conditions for stability (Hi) Relationship between 
phase shift and attenuation (iv) Design of 1 and 2 stage amplifiers (v) Design 
of multi-stage amplifiers (vi) Effect of feedback on frequency response (vii) Design 
of amplifiers with flat frequency response (viii) Constancy of characteristics with 
feedback (ix) Effect of feedback on phase shift. 

(i) Stability and instability 

Equation (2b) of Sect. 1 gives the amplification with negative feedback, at the mid- 
frequency, in the form 
A' = A/(l - pA). 
It is obvious that both A and pA must be vector quantities having different magnitudes 
and phase angles at very low and very high frequencies from those they have at the 
mid-frequency. If pA is real and negative, we have negative feedback with a decrease 
in amplification. If pA is real, positive, and less than 1 in absolute value, we have 
positive feedback with an increase in amplification. If PA = 1 the amplification 
becomes theoretically infinite, and the system is unstable. If PA is real, positive, 
and greater than 1 in absolute value, the system will be only " conditionally stable " 
and is likely to oscillate during the warming-up period. 

The quantity PA is called the loop amplification. 

The conditions for stability described in (ii) below are based on the well-Jsnown 
Nyquist criterion of stability. There is, however, an alternative known as the Routh- 
Hurwitz stability criterion which is useful when the expression is in analytical form. 
See Ref. H16. 

(ii) Conditions for stability 

Before proceeding with any particular amplifier, it is necessary to calculate or 
measure its amplification and phase angle over a very wide band of frequencies. 
The frequency and phase angle characteristics of an imaginary amplifier are shown 
in Fig. 7.52. The frequency /„ at which the phase angle is zero is called the mid- 
frequency ; f x and / 2 are the frequencies at which the phase angle displacement is a 
lead and lag of 90° respectively ; frequencies f 3 and/ 4 are those giving a lead and lag 
of 180° respectively. 

Taking first the case of a single stage with r.c. coupling, it is possible to plot the 
locus of the values of pA from zero frequency to infinity with polar coordinates (Fig. 
7.53A). This is commonly known as a "Nyquist diagram." If A is the ampli- 
fication at the mid-frequency f , this will normally be its maximum value and the 
phase angle displacement will be zero. It will, of course, be negative for negative 
feedback, thus giving the vector PA as drawn. At any lower frequency /„ the value 
of A may be taken from the curve for this amplifier ; let us call it A x . The value 
of P may be regarded as a fixed negative fraction less than unity. We thus have the 
value of PA U and the phase angle displacement 4>i may also be determined from the 
phase angle curve. This may then be plotted as a radial vector from to pA 1} with 
a leading phase angle displacement <f> lt which implies that the phase of the feedback 
voltage leads the input voltage by the angle <f> r . 

Similarly for any higher frequency / 2 ; we can plot pA 2 with a length proportional 
to the amplification at this frequency, and a lagging phase angle displacement ^ t . 
As the frequency increases still further, we have a smaller pA 3 with a larger phase 
displacement, while in the extreme limit PA — with </> = 90° lagging. At the 
other frequency extreme (f = 0) we have PA = with ^ = 90° leading. In this 
case the shape of the locus is approximately a circle which is all in the negative region ; 
this amplifier is therefore always stable. 

Any amplifier may have its pA locus plotted by this method ; a typical case is 
Fig. 7.53B for a 2 stage r.c.c. amplifier. Here PA X still has appreciable length with 
<j>x greater than 90°, but PA = when <f> = 180° either leading or lagging. 
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Voltage gain and phase angle shift of an imaginary amplifier, 
mid-frequency isf and the maximum voltage gain A . 



The 



The distance from any point on the locus to point K is equal to (1 — fiA) where j3 
is negative for negative feedback (see Fig. 7.53B). 

If it is desired to find the magnitude and phase angle of fiA at any frequency, it is 
only necessary to measure the gain without and with feedback, to calculate the ratio 
A J A' between them, to draw a circle with centre K and radius A /A' units, then to 
draw a second circle with centre and radius equal to the measured fed-back voltage 
\fiA\. The line from the origin to the point of intersection between the two circles 
is the complex number fiA. 

For any amplifier to be stable, the fiA locus must not include the point K 
(1,0). It is also desirable for the locus not to cut the X axis beyond the point K, 




Fig. 7.53. (A) Locus of fiA vectors (" Nyquist diagram ") for a single stage 
resistance capacitance coupled triode amplifier with fixed bias (B) Similar locus for a 

2 stage amplifier. 
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otherwise oscillation may occur during the warming-up period ; such an amplifier 
is said to be conditionally stable. In the case of more complicated circuitSj particu- 
larly those with peculiarly shaped pA loci, it is advisable to plot loci for successively 
increasing values of j8 up to and somewhat beyond the desired value of p. The 
criterion of stability should be applied to each — that the locus should not enclose 
the point K (1,0). 

The following rule is also helpful as it covers most cases and avoids having to draw 
a PA locus. If PA is less than unity at <j> = + 180° and at ^ = - 180° the 
amplifier is stable. 

Another useful rule is that the maximum permissible value of PA is equal to 
the maximum value of A (i.e. A ) divided by the value of A at <j> = ± 180° 
(whichever is the larger). 

Also, if the phase shift is not more than 180° at zero and at infinite fre- 
quencies, the amplifier is always stable with any value of p. 

The " attenuation " is the attenuation with respect to the maximum value of A 
(i.e. A ). Both the attenuation and the loop amplification PA may be expressed in 
decibels. 



Positive feedback inside "1 

^this circle 
Negative feedback outside J 




Gain increased 6db 

\ 
Gain increased I2db 



Fig. 7.54. 



Additional information furnished bv a ' 
Fig. 7.41 A and B.) 



6 db gain reduction 



96 db gain reduction 



FIG. 7. S4 

Nyquist diagram " (see also 



Certain aspects of the polar diagram for amplifiers with feedback are shown in 
Fig. 7.54. Circles are shown with centres at point K (1,0) with radii of 0.25, 0.5, 
1.0, 2 and 3 units. The circumference of the circle with a radius of 1 unit indicates 
the locus of points at which the gain is unchanged by feedback. At all points outside 
this circle, the feedback is negative and degenerative. For example, the circum- 
ference of the circle with a radius of 2 units is the locus of points having a gain reduc- 
tion of 6 db. At all points inside the circumference of the circle with a radius of 
1 unit, the feedback is positive and regenerative although not necessarily unstable. 
For example, the circumference of the circle with a radius of 0.5 unit is the locus of 
points having a gain increase of 6 db. 

Instability occurs when the point K is included by the PA locus. Straight lines 
are drawn radiating from the origin with stability margins of 15°, 30 °, 60°, and 90°. 
The 30° line is tangential to the circle with a radius of 0.5 unit, so that the point of 
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tangency has 30° stability margin and 6 db gain increase. At other points along this 
line the gain increase will be less than 6 db. 

An example of the use of the polar diagram in connection with the design of nega- 
tive feedback amplifiers is given in Sect. 2(vi)B and Figs. 7.37 and 7.38. 

It would be permissible for an amplifier to have a fiA locus such as the line 
OABCDEFG in Fig. 7.54 (see Ref. A29). Here the maximum increase of gain due 
to positive feedback is 6 db, which occurs between C and D. The feedback is nega- 
tive over the path EFG. The distance OA should not exceed say 0.3 unit, so as to 
allow for a possible increase in amplifier gain of about 3 db without further increasing 
the peak of 6 db. 

Feedback amplifiers which are designed with a small stability margin should have 
narrow tolerances on components that have a direct effect on gain or frequency charac- 
teristics. It is desirable for ft A to be measured and its locus plotted for the pilot model 
of each design for three conditions, with normal (bogie) valves and with valves at the 
upper and lower limits for mutual conductance. This is only required in the region 
of the low and high frequency peaks of response, which are normally beyond the 
working frequency range. Alternatively and more simply, the height of the low and 
high frequency peaks may be measured in relation to the response without feedback ; 
in accordance with good practice, the rise with feedback should not exceed 6 db, and 
lower values are desirable. 

A special stability problem occurs when an amplifier may not always be connected 
to its correct load. One way of overcoming this problem is to design a high-and-low 
pass filter pair for connection between the amplifier and the load, the high-pass filter 
being terminated by a resistance (Ref. A29). 

If an amplifier is stable with the output terminals open-circuited, short-circuited, 
or operated into its rated resistive load, then it is stable under all load conditions. 
The measurements of stability on open-circuit and under rated load resistance can 
be made with an oscilloscope across the output terminals to check for the presence 
of ultrasonic oscillations. A check on the short-circuit conditions can best be made 
using a high-frequency ammeter across the output terminals. An oscilloscope of 
very high input impedance might also be used by connecting it across the input of 
one of the stages in the feedback loop (Ref. A28). 

(iii) Relationship between phase angle displacement and attenuation 

The phase angle displacement of an amplifier is normally a function of the attenua- 
tion characteristic. Because of this fact, it is possible to design a feedback amplifier 
on the basis of either the phase angle displacement or the attenuation characteristic. 
If the attenuation characteristic* is a straight line with a slope of 6 decibels per octave, 
then the ultimate phase angle is 90° and so on in proportion ; 12 db /octave gives 
180° phase angle and 18 db/octave gives 270°. The condition which must be satis- 
fied is that the amplifier is a " minim um phase shift network." This condition is 
satisfied by most amplifiers, the exceptions being (1) when it contains a transmission 
line or equivalent circuit with distributed constants, and (2) when it includes an 
allpass section, either as an individual structure or in a combination which can be 
replaced by an all-pass filter section plus some other physical structure (Refs. H6, 
H10, Hll). 

Fig. 7.54A shows ultimate slopes of 6 and 12 db/octave and higher slopes. The 
12 db/octave attenuation characteristic is the limiting value for stability, being on the 
verge of instability. A practical amplifier requires a safety margin between the slope 
of its design characteristic and the limiting value of 12 db/octave. A typical design 
slope is 10 db/octave, giving an angular safety margin of 30°. 

Any single reactive element such as a grid coupling condenser, a shunt capacitance 
or a shunt inductance in conjunction with a resistance provides an attenuation charac- 
teristic with an ultimate slope of 6 db/octave. Such a combination is known as a 
single time constant circuit. Attenuation characteristics are given in Fig. 4.36 (grid 
coupling condenser or shunt inductance) and Fig. 4.38 (shunt capacitance), for a 
single time constant in each case. 

♦Plotted with logarithmic frequency scale. 
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If a parallel-fed transformer is used, the coupling condenser resonates with the 
primary inductance at some low frequency and the ultimate slope of the stage is ap- 
proximately 12 db /octave below the frequency of resonance. If the secondary of a 
transformer is unloaded, the leakage inductance resonates with the distributed capacit- 
ance, giving a slope for the stage of approximately 12 db /octave above the frequency 
of resonance. Each of these combinations is equivalent to two time constants. 
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Fig. 7.54A. Attenuation characteristics for 6, 12, 18 and 24 decibels per octave 
as given by the " asymptotic " or ultimate characteristics of the amplifiers in their 
simplest form. The region beyond 12 db /octave is unstable ; that below 10 db octave 
is stable, and the region between 10 and 12 db/ octave is a safety margin to allow for 
discrepancies between the calculated design and the finished amplifier. 



Cathode and screen by-passing 

In the case of cathode and screen by-passing, the attenuation characteristics are 
noticeably curved and the phase angle displacement cannot be calculated as for a 
straight line, but may be obtained from Figs. 12.3C and 12.1 IB respectively. In 
both cases the phase angle displacement reaches a maximum value at some frequency 
and gradually decreases at lower and higher frequencies. 

Cathode by-passing 

The maximum slope of the attenuation characteristic and maximum phase angle 
displacement are given belcw 



B 

Max. loss = 

Max. slope = 

Max. angle = 

where B — 1 + 



Rth* + 1) 



2 
6 

2.25 

20° 

and R = 



3 

9.5 

2.6 

30° 

R r R 



5 

14 
3.6 
42° 



10 

20 db 

4.8 db/octave 

55° 



Z^»2 



Rr + R, 



. +R 

For a pentode B p& 1 + g m Rk- 

For typical r.c. triodes and pentodes, B is usually less than 3. 
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Screen by-passing 

This has an effect similar to that of cathode by-passing 
B 

Max. loss = 
Max. slope = 
Max. angle — 



2.5 


5 


10 


20 


8 


14 


20 


26 db 


2.4 


4 


4.5 


5.4 db/octave 


25° 


42° 


54.5° 


64.5° 



where B = 1 + 



R,g„ 



and 



»iM t (l + R t fr p ) 
R a = series screen resistor in ohms 
g m = mutual conductance at operating point, in mhos 
m = ratio of plate to screen currents 
■ft t — triode amplification factor 
R L = plate load resistance in ohms 
r p — plate resistance in ohms. 



Phase angle characteristics of " step circuit " 

The step circuit of Fig. 7.59A has a maximum phase angle displacement at the fre- 
quency of the half-attenuation point, and approaches zero at lower and higher fre- 
quencies. The curves for a particular case are plotted in Fig. 7.54B, and the value 
of the maximum phase angle as a function of the attenuation in Fig. 7.54C. 
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FIG. 7.S4B 

Fig. 7.54B. Attenuation and phase characteristics of " step circuit " Fig. 7.59A 
for particular case with step attenuation 20db (Ref. HIS). 
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Fig. 7.54C. Maximum 
phase shift as a function 
of attenuation in the 
circuit of Fig. 7.59A 
{Ref. HIS). 
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Total slope of attenuation characteristic 

The total slope of the attenuation characteristic of an amplifier in db/octave, at 
any frequency, is the sum of the slopes of the attenuation characteristics of all the re- 
active elements in the amplifier at the same frequency, provided that the slopes are 
constant. 

In practice, the best procedure is to plot the individual attenuation characteristics 
with a linear db scale, then to add the decibel ordinates at various frequencies to 
determine the total attenuation characteristic. The slope of the latter may then be 
determined graphically. 

Determination of phase angle 

When the attenuation characteristic is a straight line forming a sharp angle at the 
cut-off frequency f , as in Fig. 7.55A, the phase angle displacement is k x 45° at 
/„, where k is one sixth of the slope in db /octave, and the phase angle characteristic 
is asymptotic to 0° and k x 90°. 

When the attenuation characteristic is that of a normal r.c. amplifier, ft x 3 db 
down at f (as broken curve in Fig. 7.55D) the phase angle displacement is also 
k x 45° at/o, but at other frequencies the phase angle characteristic differs slightly 
from that of Fig. 7.55A. 



kx60 




kxlO 



6f lOfl " 

FIG. 7.5SA 

Fig. 7.55A. Phase angle for attenuation characteristic as shown; k= 1 for 
6db /octave, k = 2 for \2dbJ octave etc. {Based on Bode, Refs. H6, i/11). 

On account of this fairly close agreement between the phase angle characteristics 
ioi the two cases, it is possible to replace the actual attenuation characteristic by an 
approximate " straight-line " equivalent. Where the attenuation characteristic 
does not have constant slope throughout, it may be replaced by a succession of inter- 
secting straight lines having slopes of zero or any multiple of 6 db/octave, either 
positive or negative (e.g. Fig. 7.55B). These, in turn, may be resolved into " semi- 
infinite "*. lines of constant slope, as in Fig. 7.55C. The phase characteristics may 
be derived by the use of Fig. 7.55A for each junction. The resultant phase angle 
characteristic may be determined by adding these individual characteristics. 

•A " semi-infinite " straight line is one commencing from a definite point and proceeding to infinity 
in one direction only. 
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More accurate results may be obtained in some cases by the use of phase angle 
curves for attenuation characteristics having a sloping portion and a horizontal portion, 
as given by Bode (Ref. Hll, Chapter 15). 




FIG. 7. 55 B \ FIG. 7.55C 

Fig. 7.55B. Attenuation characteristic with straight line approximation (based 

on Bode, Ref. Hll). 
Fig. 7.55C. Semi-infinite lines of constant slope corresponding to straight line 
approximations in Fig. 7.55B (based on Bode, Ref. Hll). 

More accurately again, when the slope of the attenuation characteristic is 

varying, the phase angle at any frequency may be determined from a measurement 
of die amplitude characteristic - over a wide frequency range. This procedure is 
facilitated by the use of special graph paper, plotting the slope of the amplitude charac- 
teristic in db /octave against a function of frequency, then measuring the area under 
the curve and so enabling the slope at one point to be determined (see Ref. A29). 
When the slope of the attenuation characteristic reaches a maximum value over a 
limited frequency range and is less than this value at lower and higher frequencies, 
the phase angle at the point of maximum slope is less than that indicated by the slope, 
while at frequencies below and above the region of higher slope the phase angle is 
greater than that indicated by the slope. 

Simple method for determination of phase angle (Ref. H18) 

A very simple approximate method, which gives the total phase angle, is based 
on the straight-line approximate characteristics (Fig. 7.55D). The phase angle dis- 
placement at the cut-off frequency /„ is 45° ; the approximate straight-line phase 
characteristic is taken as a tangent to the actual curve at the point of greatest slope, 
with sharp bends at the intersections with 0° and 90°. The maximum error is about 
10° 
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FIG. 7.550 

Fig. 7.55D " Straight line " approximate characteristics zoith an attenuation slope 

of 6db/octave {actual characteristics shown with broken lines) and corresponding 

phase angle characteristics (Ref. H18). 
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A typical attenuation characteristic is shown in Fig. 7.55E with three component 
" semi-infinite " slopes. 

The corresponding phase angle characteristics are shown in Fig. 7.55F, where 
1 and 2 are to be added, and 3 is to be subtracted to give the resultant. In each case 
the position of the component phase characteristic is determined by the relationship 
that the cut-off frequency on the attenuation characteristic gives 45° phase angle. 

15 
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9 
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3 it 
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PIG.7.SSE 

Fig. 7.55E. Typical attentuation characteristic of amplifier with feedback {broken 
curve) and component " semi-infinite " slopes (1, 2 and 3) from which Fig. 7.55A 
is constructed {Ref. HIS). 

The broken line in Fig. 7.55F is the actual phase characteristic, indicating reasonable 
accuracy for the method. In all cases the actual characteristic tends to " round the 
corners " of the approximate characteristic. 

The same curves (Figs. 7.55D, E and F) may be used for the low frequency attenua- 
tion characteristics by inverting the frequency scales. 

(iv) Design of 1 and 2 stage amplifiers 

A single stage resistance capacitance coupled amplifier has +90° phase angle 
displacement at zero frequency due to the grid coupling condenser. The screen 
and cathode by-pass condensers may cause phase angle displacements up to about 
+ 65° and + 30° respectively (see Figs. 12.11B and 12.3C) but these come back to 
zero again at very low frequencies. Consequently the total phase angle displacement 
is normally less than 180° at any frequency. At the high frequency end the maximum 
phase angle displacement is — 90°. Such an amplifier is stable under all conditions. 

A two stage r.c.c. amplifier has twice the phase angle displacement of a single 
stage amplifier, if both stages are identical. It may therefore produce peaks of fre- 
quency response due to positive feedback at low and high frequencies, and care is 
necessary in design — see Sect. 3(vi) below. It is desirable to " stagger " the low 
frequency attenuation characteristics by choice of widely different time constants for 
the grid condensers and following grid resistors ; the larger the ratio, the larger will 
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be the permissible feedback factor. One or both cathode by-pass condensers may be 
omitted, or the by-passed section of R k may be reduced in resistance. One or both 
screen dropping resistors may be reduced in resistance, or replaced by a voltage divider 
with other consequential adjustments. The values of the cathode and screen by-pass 
capacitors may be adjusted so that their frequencies of maximum phase angle are 
" staggered," preferably in the ratio of at least 20 to 1. 

The high frequency peak may be reduced by staggering the high frequency response 
of the two stages, for example by shunting a capacitor from one plate to earth and 
increasing the capacitance experimentally until the peak is sufficiently reduced. 
For an exact design method see Sect. 3(vii) below. 

The phase angle displacement is increased by the inclusion of an iron-cored trans- 
former within the feedback loop, also by any resonance effects, and such cases should 
be treated by the method described for multi-stage amplifiers. 
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Fig. 7.55F. Phase angle characteristic derived from Fig. 7.55E (Ref. HIS). 

(v) Design of multi-stage amplifiers 

In the design of multi-stage amplifiers, Bode's method (A) is most commonly used 
or its simplification by Learned (B). This method is intended primarily for use with 
amplifiers having only one feedback path. 

The addition of subsidiary feedback to a single feedback loop leads to Duerdoth's 
multiple feedback system (E) which is based on a modified stability margin (C) and 
the theory of the summation of attenuation characteristics and subsidiary voltages 
(D). Duerdoth's system is capable of providing a greater feedback factor than Bode's 
method, with the same minimum value of stability margin in each case. Some de- 
lightfully simple applications of Duerdoth's method are possible and it seems that 
any amplifier with a single feedback loop can be improved as regards stability by the 
addition of one or more subsidiary feedback paths. The latter, in their simplest 
form, may be merely unbypassed cathode resistors. 

With any multi-stage amplifier, an important feature is the degree of damping 
on transients. Insufficient experimental work has been carried out to indicate 
what degree of damping is desirable in a-f amplifiers. A reasonably safe inference 
is that damping heavier than critical damping is undesirable, because it results in 
sluggish uptake. Whether critical damping — see Sect. 3(vii)C — is desirable, or some* 
lighter degree of damping is preferable, is an unsolved problem which can only be 
tackled on an experimental basis. It is stated by those who advocate a light degree 
of damping that this gives very rapid uptake, and the overshoot which occurs is at an 
ultrasonic frequency which is certainly inaudible, and in any case would be very 
seriously attenuated by the loudspeaker. On the other hand, it is well known that 
some forms of ultrasonic parasitic oscillation give rise to objectionable reproduction. 



366 



(v) DESIGN OF MULTI-STAGE AMPLIFIERS 



7.3 



Design tests 

It is highly desirable to measure and plot both the frequency response and phase 
angle over a sufficiently wide frequency range ; both curves may be plotted on the 
same sheet of logarithmic graph paper. The required frequency range is the useful 
frequency range of the amplifier plus (at each end) one octave for each 10 db of feed- 
back plus at least one octave. 

When it is desired to achieve the maximum degree of feedback it is essential to 
plot the polar (Nyquist) diagram as in Figs. 7.53B and 7.54. For a method of measur- 
ing the phase angle see Refs. H7, H19, H20. 

An amplifier may be tested for transient response by applying a rectangular wave- 
form to the input and observing the waveform of the output with a C.R.O. having 
good frequency and phase characteristics up to the maximum test frequency. If 
there is any oscillatory response or " overshoot " the feedback may be reduced or 
some modification made to the feedback loop to provide the desired degree of damp- 
ing. 

Another useful design test is to overload the amplifier with input voltages of various 
frequenciesj and to determine the level to which the input must be reduced to return 
to normal linear operation (Ref. A29 discussion). 
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Fig. 7.56A. Bode's method — Curve (1) attentuation characteristic and (2) phase 
angle displacement characteristic for constant 150° phase angle displacement above 
upper working frequency f ; curve (3) constant slope 10 db > /octave {Ref. if 11). 

Alternative methods of design 

(a) One method sometines used is the " cut and try " method of constructing an 
amplifier and then applying feedback with the feedback factor increasing in steps 
until instability occurs, and finally decreasing the feedback to provide a safe margin. 

If instability occurs with only a small degree of feedback, there are devices which 
may be experimented with, such as 

1. Shunting the primary of the output transformer by a condenser. 

2. Connecting a very small condenser from the plate of one of the earlier stages to 
earth. 
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3. Shunting the feedback resistor by a condenser, or the more elaborate network of 
Fig. 7.59G. 

(b) A preferable alternative is to measure and plot the frequency response curve 
with and without feedback, over a frequency range sufficiently wide to include both 
low and high frequency peaks. The feedback factor may be increased until the re- 
sponse with feedback is greater than that without feedback by a predetermined amount 
(say from 1 to 6 db) at any frequency. 

(c) Alternatively the amplifier may be designed with "staggered" frequency 
response. In a 2-stage amplifier, there should be one stage with wide, and the other 
with a narrow frequency response j in a 3-stage amplifier there may be two stages 
with wide and one with narrow frequency response. The use of " maximal flatness " 
— as described in Sect. 3(vii)A and B — results in oscillatory response to transients, 
and the feedback factor should be reduced to half the specified value if it is desired 
to produce critical damping. A preferable arrangement is " compensated " critical 
damping as described in Sect. 3(vii)C. 

(A) Bode's method (Refs. H6, HID 

In accordance with Bode's method, the usual procedure is to adopt a constant phase 
angle displacement, expressed in the form of an attenuation characteristic, as the 
safety margin. For example, Fig. 7.56A shows the attenuation characteristic BC of 
Curve 1 for a constant phase angle displacement of 150°, thus giving a constant safety 
margin of 30°. The ultimate slope of this characteristic is 10 db/octave, which is 
extended upwards in Curve 3 to point D. The characteristic ABC gives an additional 
octave of working frequency range as compared with characteristic ADC and is there- 
fore to be preferred if the maximum possible feedback is to be used, together with 
an adequate safety margin. 




M " 



Fig. 7.56B. Bode's method — Curve (1) as in Fig. 7.56A ; (2) normal attenuation 

characteristic of typical amplifier. Shaded portion indicates additional attenuation 

required in the feedback loop. 

For convenience in feedback design, Curve 1 has been redrawn in Fig. 7.56B with 
db corresponding to | /L4 1 = 1, for 30 db of feedback at the mid-frequency. Curve 4 
is the normal attenuation characteristic of a typical amplifier, so that the shaded 
portion indicates the additional attenuation required in the feedback loop to produce 
the desired curve 1. The shaded portion is limited at the lower end by the line EF 
which provides a safety margin (here 10 db) below \$A\ — 1. The desired charac- 
teristic is therefore BEFG, where FG is portion of the normal attenuation character- 
istic of the amplifier. The safety margin is therefore a constant angle of 30° from B 
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to E, and a constant attenuation of 10 db from E to F The effect of the horizontal 

" step " EF is to limit the phase angle displacement in this region, to a value less than 

180°, which will hold provided that 

f t ultimate slope of actual characteristic (Curve 4) in db/octave 

f x ~~ ultimate slope of desired characteristic (Curve 1) in db/octave 

Since point F is fixed by the actual attenuation characteristic, the position of point 
E, and hence Curve 1, will be determined by the ratio f 2 /f x . 

Methods for providing the " step " in the characteristic are described in (B) below. 

The following relations hold, provided that the ultimate slope of curve 1 is 10 db/ 
octave and the safety margin of the " step " below \$A\ = 1 is 10 db. 

Let « = ultimate slope of actual attenuation characteristic, in db/octave 

l/Jo^ol = desired value of \$A\ at the mid-frequency 
and / 2 = frequency at which the actual attenuation is equal to (|j3oi4 | + 10) db, 
then f x = /. (10/n) 

number of octaves between / and f x = |]8^4 |/10 

fx and f 2 = 3.32 log(«/10). 

The frequency ratio may be derived from the number of octaves by the relation — 
frequency ratio = anrilog (0.301 x number of octaves) 
or by the use of the table below : 

Frequency Ratio, Octaves and Decades 



Frequency 


No. of 


No. of 


Frequency 


No. of 


No. of 


Ratio 


Octaves 


Decades 


Ratio 


Octaves 


Decades 


1.07 


0.1 


0.03 


5.28 


2.4 


0.72 


1.15 


0.2 


0.06 


6.07 


2.6 


0.78 


1.23 


0.3 


0.09 


6.97 


2.8 


0.84 


1.32 


0.4 


0.12 


8.00 


3.0 


0.90 


1.42 


0.5 


0.15 


9.18 


3.2 


0.96 


1.52 


0.6 


0.18 


10.0 


3.32 


1.00 


1.63 


0.7 


0.21 


10.6 


3.4 


1.02 


1.74 


0.8 


0.24 


12.1 


36 


1.08 


1.87 


0.9 


0.27 


13.9 


3.8 


1.14 


2.00 


1.0 


0.30 


16.0 


4.0 


1.20 


2.30 


1.2 


0.36 


18.4 


4.2 


1.26 


2.64 


1.4 


0.42 


21.2 


4.4 


1.33 


3.03 


1.6 


0.48 


24.3 


4.6 


1.39 


3.48 


1.8 


0.54 


27.9 


4.8 


1.45 


4.00 


2.0 


0.60 


32.0 


5.0 


1.51 


4.60 


2.2 


0.66 








Frequency ratio 


= antUog (number of 


decades) 







Number of decades 



Number of octaves 



anrilog (0.301 x number of octaves) 

log (frequency ratio) 

0.301 x number of octaves 

3.32 x log (frequency ratio) 

3.32 x number of decades, 



Relationship between db/octave and db/decade 

db/octave 3 6 9 10 12 15 18 

db/decade 10 20 30 33.3 40 50 60 

In addition to the attenuation of the shaded area in Fig. 7.56B, it is also necessary 
to boost the gain near the limits of the working frequency band to provide nearly 
constant gain (area AHB) and thereby achieve almost zero phase angle at the cut-off 
frequency /„. This may be accomplished by the circuit of Fig. 7.56C in which the 
Q of the L X C X circuit should be unity, as given by 

L x = l/w 2 C 1 and r = l/w C x 
where r == series resistance of L x . More complicated but more satisfactory networks 
(low-pass or band-pass " Wheeler " networks) are described in Ref. A29. These 
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have an ultimate attenuation of 6 db/octave and a phase angle 
displacement of approximately 90° at all frequencies outside 
the working band. For other methods see Ref. Hll. 

The low frequency end may be treated in a similar manner 
throughout. 

Means for producing the desired attenuation characteristics 
are described by References H6, H10, Hll. See also (B) 
below. 

This method of design requires the amplifier to have a very 
much wider frequency range before feedback is applied than it 
would need without feedback. The extension is approxi- 
mately one octave in each direction for each 10 db reduction of 
gain by feedback plus a sufficient margin of safety (say 1 octave 
at each end). Thus an amplifier to cover from 40 to 15 000 
c/s with 30 db reduction of gain by feedback would require to 
have a frequency response without feedback (at 40 db down) 
from 2.5 to 240 000 c/s. This actually applies to the trans- 
mission characteristics of the whole feedback loop (amplifier 
and feedback network together). 

(B) Simplified treatment by Learned (Ref. H9) 

The following treatment is based on the simplified assumption that the attenuation 
characteristics are straight lines. This is approximately correct except in the octave 
immediately above and below the useful frequency band of the amplifier, where the 
method gives a wider safety margin than is necessary. The method does not, there- 
fore, give the same degree of feedback obtainable with the precise method of Ref. Ho. 
At the same time it is quite suitable for general use. 



FIG. 7.56C 

Fig. 7.56C. Simple 
network in plate cir- 
cuit to give more 
nearly constant gain 
over the working 
frequency range 

(based on Ref. A29). 



04= 



|^tt|=+30db 




Fig. 7.57. Low frequency attenuation characteristics of multi-stage amplifier with 
feedback {simplified treatment). 

Low frequency attenuation characteristics 

As an example for illustrating the general principle, take an amplifier with nominally 
flat frequency response down to 20 c/s (actually it will be — 2 or — 3 db at this fre- 
quency). Let the loop amplification \f$A\ be 30 db at useful frequencies. 

Draw the attenuation characteristic with a slope of 10 db/octave from 20 c/s down- 
wards (line ABC in Fig. 7.57). Point B is where the value of the loop amplification 
becomes unity. Extend the line AB to C which is at a level 10 db below \$A\ = 1. 
At C, insert a horizontal " step " CD, the length of which will be given later. Be- 
yond D the attenuation will fall at a rate of 12, 18, 24, 30 db or more depending on 
the circuit ; each single time constant or non-resonant transformer contributes 6 db, 
while each resonant circuit contributes 12 db. The frequency ratio between points 



370 



(v) DESIGN OF MULTI-STAGE AMPLIFIERS 



7.3 



C and D is made equal to the ratio of the slopes of DE and AC, which is equal to 
the slope of DE divided by 10. The line ABODE, thus determined, is to be used 
as a guide to the low frequency attenuation characteristic of the amplifier. In reality, 
of course, the sharp corners will be rounded — the important features are that the 
slope of the A C region should not exceed 10 db/octave, and that the step should be 
sufficiently long. 




FIG. 7.58 



+ O300VO- 
Lam Impcdoncc 



Fig. 7.58. Three stage amplifier with negative feedback illustrating design method (Ref. H9). 




Frequency (c/s) 



Fig. 7.59. Low frequency attenuation characteristics of Fig. 7. 42B (Ref. H9). 

Example 

An example of an amplifier designed in accordance with this method is Fig. 7.58 
(Ref. H9). The low frequency attenuation characteristics are given in Fig. 7.59. 
The 6V6 cathode, 6V6 screen and 6SJ7 screen characteristics are designed to provide 
a very close approach to a total slope of 10 db/octave with a limiting attenuation of 
40 db, so providing the basis of a step. The two grid condensers are designed to give 
effective attenuation beyond the limit of the step. It is evident that it is possible to 
design an amplifier which provides the necessary low frequency attenuation charac- 



7.3 



(v) (B) TREATMENT BY LEARNED 



371 



teristics, including the step, without using any resonant circuits. The tolerances on 
the frequency-dependent components (R and C) must be small. 

The feedback loop does not include the plate circuit of the third stage, so that the 
slope of the high-frequency attenuation characteristic is nominally 12 db/octave. 
The resonant circuit (incorporating Ci) in the feedback path is employed to stabilize 
the frequencies in this region by providing a step in the high-frequency attenuation 
characteristic. 
Corrective networks 

The design of simple corrective networks is well summarized in Ref. H9. More 
complicated designs incorporate LCR 2-terminal networks as the plate load imped- 
ances and (some) cathode bias impedances (Ref. Hll). See also Ref. J16. 

One of the simplest and most effective methods of providing the required step in the 
high frequency attenuation characteristic is the RC network shunting the plate load 
resistor of the pentode V x in Fig. 7.59A (based on Ref. H9). The ultimate attenuation 
of the step in decibels is given approximately by 

attenuation *%? 20 log (R t -f R)/R. 
The cut-off frequency is given by 

f 1 = l/2*R 1 C 
and the " flattening-out " frequency by 

f, t*t 1/2ttRC 
where i? r =- R L R g /(R, + R g ) 

and the " flattening-out " frequency is denned as the frequency at which the attenua- 
tion is 3 db less than the ultimate attenuation of the step. 





. mo./.ssa T FIG.7.S9B 

Fig. 7.59A. Circuit to provide step in high frequency attenuation characteristic 

(based on Ref. H9). 
Fig. 7.59B. Circuit to provide step in low frequency attenuation characteristic 

(based on Ref. H9). 

The equivalent to Fig. 7.59A for the low frequency end is provided by Fig. 7.59B : 

Step attenuation an 20 log (R + R g )/R a 

Cut-off frequency // = 1/2ttC(R l + R s ) 

Flattening-out frequency / a ' m \/2ttRC 

The value of C t is selected to give negligible attenuation at f 2 ' ; say 

d pw 5/lvftXR +R L + R g )l 
With these step circuits it is desirable to have as many separate circuits as possible, 
each with a small step. ■ R Rj 

Fig. 7.59C. Feedback path including 
CR network to give a step in the 
attenuation characteristic, and thereby 

to improve stability (Ref. H18). -=- fig7 59C 

A step in the attenuation characteristic may also be provided by an LCR circuit 
in the feedback path, or more simply by a CR circuit as in Fig. 7.59C. Here R may 
be the cathode resistor of the first valve, i? x + R 2 take the place of the usual feedback 
resistor, and C effectively increases the value of /? at high frequencies. This is a 
most useful device to improve the stability of a feedback amplifier. A simpler form, 
omitting R u is sometimes sufficient ; this is similar to Flood's " compensated feed- 
back " Sect. 3(vii)C 
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(C) Duerdoth's stability margin (Ref. A29) 

Duerdoth adopts a pre-determined value (e.g. 6 db) of the rise of gain with feed- 
back at high and low frequencies as a stability margin over values of f$A from 0.3 
to some value less than 2.0. At higher value* of f$A he adopts an angular stability 
margin (e.g. 15°) while below &A = 0.3 there is no danger of instability. An am- 
plifier designed in accordance with his method might have a high-frequency charac- 
teristic such as OABCDEFG in Fig. 7.54. See discussion on stability and tolerances 
in components with this characteristic in Sect. 3(ii) above. One method for achieving 
such a shape of characteristic is given in Sect. 3(v)E below. 

(D) Summation of attenuation characteristics and subsidiary voltages 

When two voltages have to be added, as for example with a loop feedback voltage 
and a subsidiary voltage connected in series, the attenuation characteristic can only 
be derived by adding the voltages at selected frequencies, with due regard to the phase 
angle between them. 

The phase angle between the two voltages is a function of the difference in slope 
when plotted as attenuation characteristics, provided that the slopes are constant : 
Slope difference 2 4 6 8 10 12 14 16 18 db/octave 

Phase angle diff . 30 60 90 120 150 180 210 240 270 degrees 

For example : If one characteristic has a slope of 4 db/octave and the second 12 
db/octave, the slope difference is 8 db/octave, and the phase angle between the volt- 
ages is therefore 120°. 

Take the intersection of the two characteristics as the origin (as in Fig. 7.60) and 
assume that db = (say) 1 volt — both assumptions being for convenience. 

Let x be the voltage contributed by the lower slope characteristic at a certain fre- 
quency. It may readily be shown that the voltage contributed by the high slope 
characteristic at this frequency is x°, where a is the ratio of slopes in db/octave. 
These two voltages, x and x° must then be added vectorially, the angle between them 
being as given by the table above. 

The magnitude of the combined characteristic may then be plotted as in Fig. 7.60, 
and the values of the phase angle may be marked along it. 

The method of deriving the magnitude and phase angle of the resultant is illustrated 
by Fig. 7.61 for the condition where the higher slope characteristic has a slope of 12 
db/octave, corresponding to 180°. Vector OA, having magnitude x and phase angle 



+30 



+ 20 




I0f Frequency of individual 
characteristics 

Frequency of combined chactcristk fo lOfr 

FIG. 7.60 

Fig. 7.60. Illustrating summation of attenuation characteristics (based on Ref. A29). 
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4> indicates the lower slope characteristic, the value of <f> in degrees being given by 
15 x slope in db/octave. Vector OB, having magnitude x? and phase angle 180°, 
indicates the higher slope characteristic with a slope of 12 db/octave. For example, 
when the slopes are 4 and 12 db/octave, a = 3 and <f> = 60°. 
The magnitude of the resultant is given by 
Resultant =V(* sin <£) 2 + (x° — x cos ^) 2 . 
The phase angle 6 of the resultant is given by 
x sin <f> 
6 = tan" 1 i-^- a ' 

X COS <p — x° 

For ease in calculations the following table has been derived for use in all normal 

cases when the phase angle between the two voltages is a multiple of 30° and less than 

180° and when the higher slope is 12 db/octave. 

Difference in phase angle* Resultant 



30° 



60° 



90 c 



120° 



150° 



xVl + 1.73x - 2 + x°- 4 


xVl + x - 5 + X 


xVl + x 2 


xVl - x* + X* 



Phase Angle 6 of 
Resultant 
1 



tan~ 



x\/l - 1-73* 5 + x 



tan - 



tan - 



tan~ 



tan" 



2x°- 2 + 
1.73 


1.73 


2x°- s + 


1 


- 1/x 
1.73 




1 - 2x* 
1 





1.73 - 2x 5 



*between the two voltages, i.e. 180° — </>. 
A similar procedure can, of course, be applied to any other value of maximum slope. 

Procedure when lower slope is zero 

The foregoing procedure cannot be used when one of the two attenuation charac- 
teristics has a slope of zero, that is when one is a fixed voltage. In this case the pro- 
cedure is as follows. 



x JinoC 




x coso£ 



FIG. 7.62 



Fig. 7.61. Vector relationships in summation of attenuation characteristics. 
Fig. 7.62.' Vector relationships when one characteristic has zero slope. 

As previously, the origin is the point of intersection of the two characteristics, and 
its level is taken as db equal to 1 volt. The vector relationships are shown in Fig. 
7.62. 



Resultant = Vx 2 + 1 + 2x cos a 
Phase angle of resultant = 6 = tan -1 



x sin a 



1 + x cos a 

where x = voltage at a selected frequency, on the sloping characteristic 
and a = phase angle of sloping characteristic (i.e. angle in degrees = 15 x slope in 

db/octave). 
Angle a Resultant Phase angle 6 of 

Resultant 

30° V* 2 + 1.73* + 1 tan_1 2TT73^ 
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Angle a 

60° 
90° 
120° 

150° 

165° 

An example of the summation of two attenuation characteristics, one having zero 
slope and the other having a slope of 10 db /octave, is given in Fig. 7.63; The re- 
sultant is asymptotic to 10 db/octave and to the horizontal characteristic, but reaches 
a minimum value at the frequency of the point of intersection O. The phase angle 
is marked at points along the resultant, and at all frequencies the phase angle is less 
than that of the 10 db/octave characteristic, the effect becoming more pronounced 



Resultant 


Phase angle 
Resultant 

1.73a: 
tan- 1 

2 + x 


V* 2 + * + 1 


Vx 2 + 1 


tan -1 x 

, 1.73* 

tan- 1 

2 - x 


Vx 2 - X + 1 


Vx 2 - 1.73* + 1 


tan -1 r r-=r— 

2 - 1.73* 
26* 


Vx 2 - 1.93* + 1 


tm " I - 0.97* 
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Fig. 7.63. 



Summation of two attenuation characteristics having slopes of zero and 
10 db/octave. 



at higher frequencies, particularly beyond point D. The fact that the slope of the 
resultant in Fig. 7.63 exceeds 12 db/octave to the left of point D, has no effect what- 
ever on the stability as indicated by the angles. It is therefore obvious that the re- 
lationship between phase angle and slope of the attenuation characteristic which 
applies to minimum phase shift networks, does not apply here. 

A similar calculation has been made for a slope of li db/octave, Fig. 7.64. 

The position of point D on the resultant characteristic is a function of the slope of 
the attenuation characteristic. 

slope in db/octave 2 4 6 8 10 11 

height of point D +5.7 +4.7 +3 - 5.6 - 11.6 db. 

(E) Duerdoth's method employing multiple feedback paths (Ref. A29) 

In accordance with this method, one or more additional subsidiary feedback volt- 
ages are introduced into the feedback loop so as to decrease the phase angle over the 
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0-1 



Fz"?. 7.64. Summation of two attenuation characteristics having slopes of zero 

and 11 db/ octave. 

attenuation portion of the amplitude characteristic without appreciably affecting the 
characteristics within the working frequency range. 

With subsidiary feedback applied over the first stage of a 2-stage amplifier and loop 
feedback over the whole amplifier, the ratio of gain with and without feedback is 
given by 

(!) 



4L 

A 
where A 
A' 



l-Mi -M 

= overall amplification without feedback 
= overall amplification with feedback 
A x — amplification of first stage without feedback 
& = value of /J for subsidiary feedback over first stage only 
and j8 2 = value of $ for loop feedback over whole amplifier. 

It is evident that when subsidiary feedback is used, the several feedback voltages 
must be added at their common point. This holds even when the subsidiary voltage 
is entirely inside the feedback loop. 

Under the same conditions, the ratio of distortion in the final stage with and without 
feedback is given by 

D' 1 - Mi A' 

~D~ = 1-M,-M = A (1 - A4> (2) 

Thus the application of negative subsidiary feedback to the first stage increases 
the distortion in the final stage in the same proportion that the gain of the first stage 
is reduced, provided that the overall feedback loop is unchanged. 

If, however, the subsidiary feedback is positive, the gain of the first stage will be 
increased and the distortion in the final stage will be reduced further. The use of 
positive subsidiary feedback need not present any stability problems, since the stability 
criterion is dependent on (Mi + M)- See Sect. 2(xi) and Refs. Fll, F12. 

With multiple loop amplifiers, the usual Nyquist stability criterion applies to any 
loop, provided that the amplifier remains stable when the particular loop is broken. 
Even with amplifiers which are always stable, the Nyquist diagrams obtained by 
measurements of the several loops in turn may have different shapes and the definition 
of stability mar gin becomes meaningless. However, if a mesh of the amplifier can 
be found which, if broken, simultaneously breaks all the loops, then there is no possi- 
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bility of oscillation due to the disconnection and the definition of stability margin 
remains applicable (Ref. A29). 

When employing multiple feedback paths with summation of attenuation charac- 
teristics and subsidiary voltages, the crossing point of the characteristics should be 
controlled with considerable accuracy. The crossing point will be modified when the 
gains of the various stages change owing to changes in the valve characteristics with 
age, or to overloading caused by an excessive input voltage. The latter may be avoided 
or reduced in more elaborate amplifiers by the addition of a cathode follower stage, 
operating as a limiter, as part of the first stage. Precautions to be taken in design 
are described in Ref. A29. 

Some applications employing multiple feedback paths are described below. See 
also Sect. 2(vi)A. 



FI6. 7.6S 



INPUT 




Fig. 7.65. Part of first stage of feedback amplifier 

showing one method of applying subsidiary feedback 

(Ref. A29). 



(1) One simple application is the circuit of Fig. 7.65 where the signal voltage across 
the unbypassed cathode resistor R k is added to the loop feedback voltage. This is 
an application of the principle of summation of attenuation characteristics as shown 
in Figs. 7.63 and 7.64. The voltage across R k is practically constant over the critical 
region of the high frequency attenuation characteristic, so that its characteristic has 
zero slope. This method may only be used when the phase angle of the pA locus is 
always less than 180°, i.e. the slope of the pA attenuation characteristic is less than 
12 db/octave. This method does not reduce the distortion in the final stage to the 
same level as without subsidiary feedback, or to that using one of the alternative 
methods below. For this reason the subsidiary voltage should be considerably smaller 
than the loop feedback voltage. However, this method will improve the stability 
margin of an amplifier and reduce the amplitude of the high frequency peak. 





INPUT 




FIG. 7. 66 



Fig. 7.66. 
Fig. 7.67. 
Fig. 7.68. 



FIG. 7.67 



FIG. 7.66 



One form of subsidiary feedback (after Ref. AT). 
Another form of subsidiary feedback (after Ref. AT). 
Two terminal network as cathode load impedance. 



(2) One modification of this method, which has only small degeneration in the 
working range, is shown in Fig. 7.66. This appears to have been first described by 
Farren (Ref. A7) and applied to one of the stages inside the feedback loop. The 
phase shift reaches maxima at low and high frequencies outside the working range, 
beyond which it approaches zero in both directions. The degeneration increases 
gradually in both directions to the limiting design values provided by R t and R 2 . 
This arrangement does not modify the fundamental phase shift between the input 
and output voltages of the stage due to the phase angle of the plate load impedance. 
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(3) A further modification by Farren (Ref. A7) is shown in Fig. 7.67 which has the 
advantage at very high and very low frequencies that it reduces the phase shift between 
the input and output voltages of the stage due to the phase angle of the plate load 
impedance which would be characteristic of the stage if there were no subsidiary 
feedback. 
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Fig. 7.69. Summation of loop and subsidiary feedback voltages to provide improved 

stability {Ref. A29). 

(4) Two terminal networks of the form of Fig. 7.68 are described by Duerdoth as 
cathode impedances for improving the stability of feedback amplifiers with an ulti- 
mate attenuation of 12 db/octave. A value of Z< = IOC/? 2 may be used as a first 
trial and ma x imum feedback and zero phase angle will then occur at a frequency of 
approximately 

/ = 0.04S/CR 
where C and R are in farads and ohms respectively. An example of the application 
of subsidiary feedback on an amplifier with an ultimate attenuation slope of 12 db/ 
octave is given in Fig. 7.69. In this example the peak of subsidiary feedback occurs 
at twice the maximum frequency of the working band. The stability margin in the 
critical region has been increased from 10° to 36° with subsidiary feedback, as shown 
by the Nyquist diagram (Ref. A29). 

It often happens that the addition of the subsidiary voltage results in an increase 
in phase angle just above the working frequency band where the magnitude of the 



OE bb + 




4 Terminal Network -*~ T FIG ' 7m 7 ° 

Fig. 7.70. Three stage atnplifier incorporating subsidiary feedback in the form of a 
4 terminal network, m = 0.87. W = " Wheeler " network (based on Ref. A29). 
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FIG. 7.71 



INPUT 




subsidiary voltage is increasing with frequency, although a decrease in phase angle 
occurs where the magnitude of the subsidiary voltage is steady or decreasing with 
frequency. This increase in phase angle will reduce the angular margin over a range 
of frequencies and, in the extreme case when the frequency of the peak subsidiary 
voltage is greater than 3 or 4 times the maximum frequency of the working band, 
may approach " conditional stability." 

A similar technique may also be applied to low frequency attenuation characteristics. 
(5) Four terminal networks of the form included in Fig. 7.70 are described by Duer- 
doth for providing subsidiary feedback in amplifiers with an 
ultimate attenuation slightly over 12 db/octave. Fig. 7.70 has 
loop feedback from the cathode of V 3 to the cathode of V 15 
main subsidiary feedback from the cathode of V 2 to the grid 
circuit of V 15 and minor subsidiary feedback due to the un- 
bypassed cathodes of Vj and V 3 . The four terminal network 
is a high-pass m-derived half-section filter terminated in R . 
The cut-off frequency of the filter is made about twice the 
maximum frequency of the working band (Ref. A29). 

(6) A combination of both high and low frequency subsidiary 
feedback is shown in Fig. 7.71 where .RiCtLj is the high-fre- 
quency network (as in Fig. 7.68) and R 2 R 3 C 2 is the low fre- 
quency network. The latter provides a subsidiary negative 
Fig. 7.71. Combina- feedback at low frequencies only ; its value will be affected by 
tion of high and low the source impedance of the input voltage. If transformer 
frequency subsidiary coupling is used, the secondary should be connected to points 
feedback. A and B. 

(7) In a three stage amplifier with an ultimate slope of about 18 db/octave, the 
second stage being a phase splitter which introduces little phase shift, some reduction 
in the total loop phase angle may be achieved by means of a phase shifting network 
in the feedback line. A subsidiary feedback path is added from the plate circuit of 
the phase splitter through a high-pass filter to the cathode of the first stage. This 
voltage is suppressed in the workjng band by the filter, but above the working band 
the loss of the network falls and the subsidiary voltage becomes the predominant 
factor, thus reducing the ultimate slope to 6 db/octave. Complete stability is thus 
achieved (Ref. A29 Fig. 26). 

(8) A third feedback voltage may be added, if desired, to give two subsidiary feed- 
back paths. 

(vi) Effect of feedback on frequency response 

In the case of a single stage r.c.c. amplifier (assuming perfect cathode and screen 
by-passing) the feedback merely widens the frequency range without changing the 
shape of the voltage gain characteristics (Fig. 7.72). 

With two such identical stages, the frequency characteristics are as Fig. 7.73. The 
peaks, which occur as the value of flA is increased, are due to the reduction in effective 
negative feedback and the development of positive feedback through phase angle 
shift, which approaches 180° at very low and very high frequencies. F x and F 2 are 
the frequencies giving 0.707 relative voltage gain for each single stage without feed- 
back. Ref. H4. 

These peaks may be reduced or eliminated entirely by designing the amplifier 
with one stage having a much wider frequency range than the other. Design methods 
to produce " maximal flatness " are described in Sect. 3(vii) and these may be modi- 
fied to produce critical damping, if desired. 

Alternatively a multiple feedback system may be adopted— for example one overall 
feedback loop in conjunction with an unbypassed cathode resistor in the first stage 
(Duerdoth's method) as described in Sect. 3(v)E. 

See also Sect. 3(iv) and Sect. 2(vi) for the design of two-stage amplifiers. 

A special application to a particular two-stage amplifier is Ref. H5. 

See also Refs. J8, Jll. 
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Frequency 

Fig. 7.72. Relative voltage gain of a single stage r.c.c. amplifier without feedback 

and with three selected values of feedback {Ref. #4). 

Fig, 7.73. Relative voltage gain of two identical r.c.c. amplifier stages, without 

feedback and with four selected values of feedback {Ref. H4). 

Graphical method for two-stage r.c.c. amplifier 

An ingenious graphical method has been developed by Barter (Ref. HI 7), and may 
be used for determining the R and C values to give any desired height of peaks at low 
and high frequencies. 

(vii) Design of amplifiers with flat frequency response 
(A) Method of H. Mayr (Ref. H13). See also J13. 

A resistance-capacitance-coupled amplifier Fig. 7.74 may be regarded, so far as 
frequency response is concerned, as a tuned circuit with a Q less than 0.5. The 
value of this Q is given by 

1 

2 ~ K d + k) + (1/bXp + k) & 

where b = VR S /R L i d = C JC ; k = C c /C ; ■ 

p = CJC and C = VC B C C + C B C V + C e C p . 

This method may be applied to multi-stage amplifiers with feedback, it being 
assumed that all stages have the same resonant frequency (w /2ir). The conditions 
for maximum flat response are then given by : 



1 stage \(A /A)\ 



= — tan -1 x 



(4) 
(5) 
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. Q(o> «> \ 

where x = — I ) 

n \a> cos 

N.B. n must be greater than 2. 
2 stages \(A /A)\ = Vl + x* _ 

<f> = - tan-V2^/(l .- x 2 ) 

(»■ 



and 



where x 




Fig. 7.74. Resistance-capacitance 
coupled stage. 



FIG. 7.74 



3 stages \(A /A)\ 
where x 



at 



Vl + a^x* + x G 
- xm-KbiX - x 3 )/(l 



b»x*) 






*i =^7^ 



Q 2 



1 

v» 

1 

v« 

1 

V« 
= 2(n - 1) + v"2w(2n 

= Q; 



3) 



<A 



(6) 

(7) 
(8) 

(9) 

(10) 



(ID 
(12) 

(13) 



(14) 



(15) 



(16) 

(17) 
(18) 



and 

N.B. n must be greater than 1.5. 
This has also been extended to four stages (Ref. HI 3). 
Symbols used : 
A = amplification with feedback at mid-frequency (w /2tt) 
A = amplification with feedback at any frequency (w/2tt) 

= amplification without feedback at mid-frequency (a> /27r) 
= phase angle 
n = 1 — a„/9 = feedback factor 

,8 = transfer coefficient (negative for negative feedback) 
«,„ = 1/(CVR L R„). 
These equations have been plotted in Fig. 7.75 from which it will be seen that the 
feedback factor has no effect on the shape of the curves for 1 or 2 stages 3 and only a 
very slight effect for 3 or 4 stages (curves for limiting values of n are given). Although 
the curves are shown only for the high frequency limit of the flat top, they may be 
applied to the low frequency side by changing the sigh of the abscissae and, in the 
case of phase angle, also changing the sign of the ordinates. 

This method of design provides the maximum flat frequency response, but the 
maximum degree of feedback only occurs at the mid-frequency and it falls off rapidly 
outside the frequency band of the " selective " stage. The feedback becomes zero 
near the knees of the flat top, and positive at still higher and lower frequencies. 
This design ensures stability at all frequencies from zero to infinity. 
This method also makes it possible to design for any desired response curve, within 
the limits of the amplifier. The procedure is to commence with the desired response 
curve and to determine the response (either modulus or phase angle) corresponding 
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Fig. 7.75. Frequency response and phase angle of frequency response for 1,2,3, 
and 4 r.cc. stages designed for maximum flat response by Mayr's method {Ref. 7f 13). 

to two arbitrary frequencies (<oJ2ir) and (w 2 /2tt), one near the lower and the other 
near the upper frequency limit. Then we read from the curves the values of x t 
and x 2 corresponding to the two chosen response values ; the value of x x corresponding 
to the lower frequency is, of course, negative. 

The mid-frequency may be computed from 



^COj 



XiW a 



(19) 



X 2 0> 2 — *!<<>! 

and the ratio QJQz from equation (10"), or (17) for 2 or 3 stages or 
(Qi/Qa) = 3(« - 1) +V3(3« - 4) for 4 stages. 

The Q's of the various stages are then given by : 

_ nx x 
1 stage : Q = 



2 stages : Q 2 = *% • — ^— ; Q 1 = Q 2 .%- 



3 stages : Q 2 = Q 3 



3 /nQ 2 



*i 



O*! 



Qi 






(20) 



(21) 



(22) 
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4 stages: Q 2 = Q 3 = Q 4 =^ /^ ■ < ^ L ^j J Qi = Q. • q|- (23 ) 



These amplifiers are made up of one rather selective stage, corresponding to Qi> 
and a number of equal broadly-tuned stages, corresponding to Q 2 , Q» . . . With 
increasing feedback the selectivity of Q x must be increased, while the selectivity of 
Q 2 etc. approaches a limiting value which is of the order of the Q of a single stage 
amplifier without feedback, having the same bandwidth as the complete amplifier 
with feedback. 

The amplifier is first designed, neglecting all capacitances, to have a gain approxi- 
mately n times the final value. The feedback is designed with a purely resistive feed- 
back network to decrease the gain n times. The value of C, is then determined at 
the minimum practicable value, that is the input capacitance of the following stage 
plus an allowance for strays. Then the values of the other capacitances are given by 

C, = * : ; C c = -= (24) 

^WRlRo o>WR L R g 

where p = ~\l -^/l + 4Q* - 4Q»(l + p+ i 2 )] 

k = p + P f > b = VR g /R L and d = C 9 a> VRiR.- 
The amplification without feedback at the mid-frequency is 

«o = kQ . gWRJl, ( 25 ) 

There are limits to the physically realizable values of C„ and C c which are quoted 
in the article (Ref. HI 3). 

It is shown in (C) below that the condition of maximal flatness gives an oscillatory 
transient response ; for instance when the input voltage is a unit step, the two-stage 
amplifier has a response which overshoots 4.3%, while the three-stage amplifier 
overshoots 8% (Ref. H15). 

A maximal flatness 2 stage amplifier has a small rise in the response at some high 
frequency due to positive feedback, compared with the response without feedback. 
For example, as may be shown by drawing a Nyquist diagram, a 2-stage amplifier 
with ag/ot! = 10, A = 316, jS = 0.016 has a rise of about 1.4 db due to positive 
feedback at some high frequency. 

(B) Method of C.F. Brockelsby (Ref. H12) 

A different approach to the same goal is made by Brockelsby who provides " stagger- 
ing " by changing the values of load resistance and thereby obtaining different values 
of gain and frequency response. This method was published earlier than that of 
Mayr but is less comprehensive, although providing useful additional information. 
A summary of this method is given below. See also Ref. J13. 

Two-stage amplifiers and maximal flatness 

The widest frequency range possible without any peaks whatever is known as the 
condition of " maximal flatness." With a 2 stage amplifier in which both stages 
have identical gain and frequency response, the condition of maximal flatness is that 
pA = — 1, corresponding to a gain reduction of 2 times. On the other hand if 
two r.c.c. pentode stages have " staggered " gain and high frequency response (by 
using different values of load resistance) the condition of maximal flatness at the high 
frequency end of the range is that 

Hfi + l/4)» = l-Mo (26) 

where A = amplification at mid-frequency without feedback, 

b = factor by which the normal value of load resistance is multiplied for one 
stage, 
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1/b = factor by which the normal value of load resistance is multiplied for 
the other stage, 
and jS = fraction of the output voltage fed back to the input. 
Equation (26) may be expressed in the alternative form 

F = 25 2 (26a) 

where F =1 — f}A = feedback factor 
and 5 = \{b + 1/b) = " staggering coefficient." 

In a two stage amplifier with a high frequency peak, the required staggering to 
produce a peak of known value is given by 

S* = (F/2X1 - Vl - « 2 ) (27) 

where a = ratio of voltage gain at middle frequencies to that at. the peak (a is less 
than 1). 
The results are summarized in the following table : 

b = 1 1.5 2 3 4 5 

S = 1 1.08 1.25 1.7 2.1 2.6 

Feedback factor (F) for maximal flatness (Eqn. 26a) : 

F =■- 2 2.3 31 5.8 8.8 13.5 

For 1 db rise (Eqn. 27) :— 

F = 3.7 4.3 5.7 10.6 16 25 

For 3 db rise (Eqn. 27) :— 

F = 6.8 8.0 10.7 19.7 30 46 

Fig. 7.76 shows the frequency characteristics obtained with 2 stage amplifiers with 
maximal flatness and for several other conditions. Here 

x = ojCR 
and F =1 — pA = feedback factor. 
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FIG. 7.77 



Fig. 1.16. Frequency characteristics of two-stage amplifier. Curve A is without 
feedback and curves B, C and D respectively for maximal flatness, a 1 db peak and a 
3 db peak (x = a>CR ; C — normal shunt capacitance of each stage ; R — total 

normal a.c. load resistance for each stage ; pentode valves (Ref. if 12). 
Fig . 7.77.- Frequency characteristics of three-stage amplifier. Curve A is without 
feedback and curves B, C, D are respectively for maximal flatness and with feedback 
equal to two and four times the m.f. value (Ref. H12). 



If the condition of maximal flatness is to hold at the low as well as at the high fre- 
quency end of the band, the centre-frequencies of both stages should be identical 
(Ref. H13). 

Three-stage amplifiers and maximal flatness 

It has been shown (Ref. H12) that if a substantially flat response over the maximum 
possible frequency band is required, the optimum arrangement for a three-stage 
amplifier is to have two stages with wide frequency response and one with narrow. 
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This finding is based on the assumption that the amplifier has maximal flatness ; it 
is not necessarily the most desirable arrangement under all conditions.* 
The condition for maximal flatness is that 
(J3 3 + 2) 2 

F =*-Wf C28) 

where F — feedback factor 

B = staggering factor = 1/b 
and b = factor by which the normal value of load resistance is multiplied for the 
one (narrow) stage. 
[B is always equal to or greater than unity.] 
Equation (28) may be approximated within 1.4% when B 2> 2 by 

F f& 1 + (B 3 /4) (29) 

For example when F = 10 (i.e. 20 db feedback), B ^ 3.3 and the ratio of band- 
widths is approximately 11. 

As with the two-stage amplifier, an increased amount of feedback beyond that to 
give maximal flatness gives high frequency peaks (Fig. 7.77). 
The critical amount of feedback to provide self-oscillation is 

F e = 5 + 2B 3 + 2/B 3 = 8F, -3 (30) 

where F e = feedback factor to give critical feedback 
and F f = feedback factor to give maximal flatness. 

The stability margin of a three-stage maximal-flatness amplifier is (F c — F t ) and 
in a typical example 

F f = 3.16 (i.e. 10 db reduction in gain) for maximal flatness 
then F c = 8 x 3.16 - 3 = 22.2 (i.e. 27 db approx.) to give self-oscillation. 
The stability margin is therefore 27 — 10 = 17 db approximately. 

If the feedback is made very large, and the staggering is adjusted so as always to 
give maximal flatness, F c t& 8F f which for this example becomes 8 x 3.16 = 25.2 
(i.e. 28 db approx.) giving a stability margin of 18 db approximately. 



» 

B 
6 

4 
2 



Fig. 7.78. Relation between the 
staggering factor B and the gain 
reduction factor F for maximal 
flatness in a three-stage amplifier. 
Values of B less than unity apply 
to the " two narrow, one wide " 
condition ; values of B greater 
than unity apply to the " two 
wide, one narrow " condition 
(Ref. H12). 



40 70K30 200 
FIG. 7.78 



For both two- and three-stage maximal-flatness amplifiers (high frequency 
response) 

1. The feedback which is fully effective in reducing distortion begins to fall at a 
frequency about F times lower than the knee. 

2. The effective gain-reduction factor is about unity, indicating no feedback, at 
the knee. 

3. The knee of the curve for the two-stage amplifier (Fig. 7.76) is at x = 

o)CR = ■s/F ; at this point the attenuation is 3 db. In the three-stage amplifier 

(Fig. 7.77) the knee of the curve is at x = wCR = 3 y/F ; the attenuation is 3 db at 

x = (2/3)VfT __ 

•The arrangement to provide the greatest value of the product (effective feedback) x Cbandwidth) 
is that due to Duerdoth described in Sect. 3(v)E. 
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Low frequency response 

The equations for the high frequency end may be applied to the low frequency end 
of the response characteristic, in the- simple case when the only frequency variable 
is the grid coupling condenser, by giving x the value 

x = l/wC g R g (31) 

where C g = grid coupling capacitance 

and R 3 = grid resistor plus the effective source impedance of the preceding stage 
(approximately R L in the case of a pentode). 

(C) Conditions for critical damping 

Critical damping may be defined as that value which gives the most rapid transient 
response which is possible without overshoot. 

The maximal flatness amplifier — see (A) and (B) above — has been examined by 
J. E. Flood (Ref. H15) in the light of critical damping ; the following summary is 
based on his work. It has been shown that a two-stage maximally-flat amplifier 
has a response which overshoots 4.3% while the three-stage amplifier overshoots 
8% when a step waveform is applied to the grid circuit. 

Although this article is concerned mainly with video-frequency or pulse amplifica- 
tion, it is possible that critical damping is a desirable feature in a-f amplifiers and that 
a condition of under-damping with oscillatory response to transients is to be avoided. 
See general comments in Sect. 3(v), also Ref. J8. 




OUTPUT 
CIRCUIT 




Fig. 7.79. Two-stage uncompensated amplifier with feedback {Ref. H15). 

Fig. 7.80. Three-stage uncompensated amplifier with two time constants within 

the feedback loop (Ref. H15). 

Two stage amplifier with constant value of j3 (Fig. 7.79) 
The following may also be applied to the three stage amplifier of Fig. 7.80 which 

has only two time constants within the feedback loop. 

It may be shown that the condition for critical damping is that 

(a, + a») 2 
1 - f3A = y (32) 

4a 1 a 2 

where A = amplification at the mid-frequency without feedback 
/S is negative and independent of frequency 
04 = 5/2?! Q = inverse time constant of V x 
and a 2 = 1/R 2 C 2 = inverse time constant of V 2 . 

When a higher feedback factor than that indicated by eqn. (32) is used, the transient 
response will be oscillatory ; when a lower feedback factor is used, the transient 
response will be over-damped. 
Equation (32) may be put into the form 

1 - M« = (1 + K)*/4K = iC/4 + 1/2 + 1/4JC (33) 

where K = a 2 /a x = ratio of inverse time constants. 
This is plotted in the lower curve of Fig. 7.81. 

If a fairly large amount of feedback is to be used, the ratio of time constants must be 
large. 
The resultant inverse time constant of the amplifier is given by 

a = K«i + «0 = Wl + K) (34) 

This relationship is plotted in the upper curve of Fig. 7.81. 
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K » <C t /U., FIG. 7.81 

Fig. 7.81. Conditions for critical damping of two-stage uncompensated amplifier 

{Ref H15). 



Note : The " staggering coefficient " 5 as used by Brockelsby (Ref. H12) is related 
to a t and a 2 by the equation 

«1 + <*2 ( ,— 



$ 



2V«ia 2 " \V" ' \/Kj 
The condition for maximal flatness is therefore given by 

RA - ^ + "^' 
P-^o — « 

za 1 a 2 



(35) 



(36) 

Comparing equations (32) and (36), it will be seen that for any particular ratio of 
a 2 /a 15 the condition of critical damping permits a feedback factor of only one half 
that required for maximal flatness of the frequency characteristic. The transient 
response of the maximally-flat amplifier is therefore oscillatory. 

A 2-stage critically damped amplifier will normally have a small amount of positive 
feedback at high frequencies, although the rise in response in a typical case will be 
less than 1 db above the zero-feedback curve. 

Two-stage compensated amplifier 

If resistor R 3 in Fig. 7.79 is shunted by a capacitor C 3 and if R 3 is very much greater 
than R 4 then critical damping is obtained when the inverse time constant of the feed- 
back path is given by 

— a 1 a 2 ,fi A 

a 8 = , (37) 

2Vocia 2 (l - pA ) - (a t + a 2 ) 

where «j = 1/R^ ; a 2 = 1/_R 2 C 2 ; a s = 1/R S C S 

and jS is negative for negative feedback. 

Similarly if an inductance L is connected in series with i? 4 in Fig. 7.80, and if g m Ri 
is very much less than 1, then critical damping is obtained as indicated by eqn. (37) 
where a 3 = RJL. 

The inve rse time consta nt for the amplifier is given by 

_ a = V<W1 - jM ) (38) 

Using the value of <x 3 given by eqn. (37) for the inverse time constant of the amplifier 
with feedback, critical damping is obtained and the response to a step waveform of the 
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feedback amplifier is made identical with that of an amplifier without feedback having 
two stages, each having an inverse time constant equal to the geometrical mean of 
the inverse time constants of the two stages multiplied by the square root of the feed- 
back factor (eqn. 38). 
A particularly simple special case is obtained when 

*2 = ^(l — fiA ) l 
then a = a 3 = a 2 == a x (l — /3A ). 

Values of a 3 for critical damping may be derived from the curves of Fig. 7.82 and 
values of a from Fig. 7.83. 

Three-stage amplifier 

Critical damping cannot be obtained in a three-stage amplifier with constant j8. 



Three-stage amplifier with single time constant in feedback path 

In this case there is only one value of feedback factor as given by eqn. (39) for 
which critical damping can be obtained, 
(a, + a 2 + a 3 ) 2 

VI. 3, (39) 



1-R 07 

27a 1 a 2 a 3 
* = 0*i + «2 + <=0/3 

— lA a l a 2 a 3V-l — F-«0>J ' 

— 3<x 1 <x 2 ix. z fiA 



a l 2 + a 2 2 + a 3 2 — ( a l a 2 + a 2 a 3 + a 3*l) 

where a 3 = inverse time constant of third stage 

<x 4 = inverse time constant of feedback path 
and a = inverse time constant of amplifier. 



(40) 
(41) 

(42) 
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FIG. 7.82 



Fig. 7.82. Curves for determining cc 3 for critical damping of tzoo-stage compensated 

amplifier {Ref. H\5). 
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Fig. 7.83. 



Curves for determining a for critical damping of two-stage compensated 
amplifier (Ref. H15). 



Three-stage amplifier with two time constants in feedback path 

Critical damping can be obtained provided that 

1 - BA > ("* + "* + g »>' 
27a 1 a g a 3 

Under this condition, 

a* = «s = (* T y/b* - 4ac)/2a 
aia a a s (l - 0A O ) 



(43) 



(44) 
(45) 



where a = inverse time constant of amplifier 

a u«a) a 3 = inverse time constants of three stages 
<x 4 , <x 6 = inverse time constants in feedback path 

a = 3a — (a,. + a, + a s ) 
b = 3a 2 — (a x a 2 + a 8 a 3 + a 3 a0 
and c = a* — a l a s a 8 . 

When 1 — ftA is less than the right hand side of eqn. (43) the transient response is 
over damped and less rapid. 

A particularly simple case is obtained when 

a 2 = a 3 = a t (l — /k4 ) 
then a = a B = a 4 = a 8 = a 4 = a t (l — /3^4 ) (46) 

(viii) Constancy of characteristics with feedback 

This is sometimes called " stability " (Ref. H8) but refers to the more or less com- 
plete independence of the gain of an amplifier with feedback (inside the amplifier 
frequency range) with regard to changes in valve characteristics and supply voltages. 
Becker defines the " stability factor " as 

SF = 1 + 0AoX (47) 

where A^X = lowest gain which the amplifier ever has under the worst operating 

conditions, without feedback 
and SF = stability factor with negative feedback. 
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(ix) Effect of feedback on phase shift* 

The amplification without feedback may be expressed in the complex form 
A = a +jb = \A\LB (48) 

where \A | is the magnitude of the voltage amplification and 8 is the phase angle of 
the output voltage of the amplifier relative to the input voltage, without feedback. 

It is obvious that 6 = tan-^fe/a) and \A\ = Va 2 + b 2 . 

The amplification with feedback may be expressed in the form 

A' = A = a+jb =- fl -( fl2 + b 2 )fi +jb 

1 - pA 1 - (a + jb)p (1 - a© 2 + b 2 $ 2 K } 

provided that there is no phase shift in the feedback network. The phase angle of 

the output voltage relative to the input voltage, with feedback, is given by 

b b/a 

a = tan" 1 = tan" 1 === (50) 

a -{a 2 + b*)$ i _ ^yi + h tf a t 

tan 6 

= tanr 1 - .. . =.- (51) 

1 -fiAy/i + t an 2 

When ft is negative, as is the case when the feedback is negative, it is evident from 
(51) that the angle a is less than the angle 0. Hence the phase shift of the output 
voltage relative to the input voltage is reduced by negative feedback. 



SECTION 4 : SPECIAL APPLICATIONS OF FEEDBACK 

There are so many applications of feedback, many of which are outside the subject 
of radio receiver and amplifier design, that it is impossible even to list them here. 
The following selected applications have some interesting features. 

(1) Electronic attenuators 

A cathode follower may be used with various cathode load resistors selected by 
rotary switch, to give the coarse steps, and then the screen voltage may be adjusted 
to give a fine adjustment of attenuation. 

Smith, F. W., and M. C. Thienpont " Electronic attenuators " Comm. 27.5 (May 
1947) 20. 

(2) Stable admittance neutralization 

Two valves in cascade with negative voltage feedback may be used to neutralize 
the input admittance of an amplifying valve (mainly the result of its input capacitance) 
and thereby enable the use of a load resistance of 23 megohms with a phototube for 
a cut-off frequency of 20 000 c/s. 

" Stable admittance neutralization " Electronic Eng. 14.167 (Jan. 1942) 594. 

(3) An amplifier without phase distortion 

O. H. Schade has developed an amplifier without cathode by-pass condensers, 
screen by-pass condensers, decoupling condensers or output condenser in B-supply 
filter, which has negligible phase distortion from 10 to 30 000 c/s. 

" An amplifier without phase distortion," Elect. 10.6 (June 1937) 26. 

(4) Stabilized negative impedances 

Negative impedance is produced from a positive impedance of the desired type by 
positive feedback through an amplifier stabilized with negative feedback. 

Ginzton, E. L. " Stabilized negative impedances " Elect. (1) 18.7 (July 1945) 140 ; 
(2) 18.8 (Aug. 1945) 138 j (3) 18.9 (Sept. 1945) 140. 

(5) Tone Control 

This is covered in detail in Chapter 15. 

*Method after H. J. Reich " Theory and application of electron tubes." 
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SECTION 5 : VALVE CHARACTERISTICS AND FEEDBACK 

(*') Triode cathode follower (») Pentode cathode follower (tit) Triode with voltage 
feedback (iv) Pentode with voltage feedback, transformer-coupled (v) Cathode 
degenerative triode (vi) Cathode degenerative pentode (vii) Cathode-coupled triodes 
(viii) Feedback over two stages. 

Although it is important to bear in mind that the application of feedback does not 
alter the characteristics of a valve, yet there are certain features which can best be 
visualized by the graphical use of effective valve characteristics with feedback. 

(i) Triode cathode follower 

The cathode-follower characteristics (Fig. 7.85) may be drawn very readily from the 
published triode plate characteristics (Ref. D2). The E e = curve remains as the 
boundary of the grid current region. If the grid circuit impedance is high, it is not 
practicable to go beyond the E c = curve, just as with plate-loading. 

+ The basic circuit is shown in Fig. 7.84 from 

E* b - y_*^T f + ♦ + I which it is evident that with zero input voltage 

t | ^Vp/i.l ! E eb =E b -E e (1) 

E' + J + "J i+ E "> ! 

*■ ~yl. | I I i The plate is the most convenient electrode to 

I e-T | Rk Ek "t" regard as the common basis for electrode volt- 

- | I ~f f T-T- 1 ages, since it is the only one directly connected 

to the voltage source. Valve characteristics 
Fig. 7.84. Basic circuit of may be plotted by the method described below 
cathode follower. so j^ g^ curvej instead of applying to constant 

grid-to-cathode voltage applies to constant grid-to-plate voltage (E eb ). In effect, the 
valve and its load resistor are inverted as compared with normal practice and the 
cathode here takes the place of the plate. 
Applying eqn. (1) for the case where E cb is constant, 
E b =E cb +E e (2) 

For example, take the case when E cb = 150 volts. We may calculate the points 
along the curve using eqn. (2) : 

E eb = 150 150 150 150 150 volts 

E e = -2 -4 -6 -8 volts 

E„ = 150 148 146 144 142 volts 

These points may be plotted to give the E eb = 150 volt curve on the existing 
" plate characteristics," as has been done in Fig. 7.85. 

(A) Resistance loaded triode cathode follower 

The cathode-follower characteristics may then be used as any ordinary resistance- 
loaded triode for the determination of power output, voltage gain and distortion. 
Maximum power output will generally be achieved when R k is between r p and 3r„ 
with slightly less distortion with the higher values of R k . In Fig. 7.85, R k is taken 
as 15 000 ohms, with E bb = 200 volts. If it were desired to obtain the highest 
possible voltage swing, a much higher value of load resistance would be selected 
(e.g. 50 000 ohms). In each case the operating point should be selected so as to 
avoid both grid current and plate-current cut-off with the highest input voltage. 
For maximum output, a point slightly above half-way along the loadline is desirable. 
In Fig. 7.85, a suitable operating point (O) is the intersection of the E eb = 150 volt 
curve with the loadline which occurs at a plate-to-cathode voltage of 145 volts, thus 
indicating that E e = — 5 volts. Alternatively, the bias could have been read from 
intersection of the E c = — 5 (plate characteristic) with the loadline. 

When the operating point (O) has been established, it is then necessary to work 
entirely with the E c b curves, neglecting the E c curves. In Fig. 7.85 the operating 
point is at E c b = 150 volts, and point A is E e b = 100, so that the peak input voltage 
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50 IOO 

PLATE TO CATHODE VOLTAGE ... ... 

FIG. 7.85 

Fig. 7.85. Cathode follower characteristics of small general purpose triode. The 
solid loadline is for R k — 15 000 ohms, the dashed loadline is for the addition of an 

ax. shunt load. 

amplitude is 50 volts. It is obvious that the opposite swing will extend to E c 6 = 200 
volts (point B) thus giving a peak-to-peak swing of 2 x 50 = 100 volts. It will be 
seen that OA corresponds to E c = — 5 volts, while OB corresponds to — 5.7 volts, 
but this is due to the improved linearity with the cathode follower. With plate loading 
the loadline would be AD, so that cathode loading causes a longer loadline by the 
amount DB, thus resulting in a slightly greater power output. 
The voltage gain is given by 

A' = „ Eb " l A (3) 



■cUA) 



where subscripts A and B indicate the voltages at points A and B on the loadline. 

If the cathode is coupled through a coupling condenser C e to a following grid re- 
sistor R„ (Fig. 7.8), the a.c. loadline will be drawn through the operating point O with 
a slope of - \/R L where R L = Rt<RJ(R k + R a ). 

The mutual characteristics of cathode followers may be drawn and interpreted by 
the method of Ref. C29. 
(B) Transformer-coupled triode cathode follower 

The same form of cathode-follower characteristic may be used when the load is 
coupled through a transformer so as to reflect a resistance R k across the primary. 
In most cases the load resistance may be taken (at least as a first approximation) to 
have the same value as for plate loading. In Fig. 7.86 the loadline AOB extends from 
A (the junction of the E c =0 and the E c b = 100 V curves) to B, on the E c s = 500 V 
curve. The operating point O is the intersection of the loadline with the E c b = 300 V 
curve, thus giving a peak input voltage of 200 volts in both directions. The power 
output and distortion may be calculated as for plate loading. 

If the load resistance R k is increased, the loadline will rotate about O to the position 
(say) CD with constant input voltage. This will usually result in a decrease in both 
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power output and distortion — there is the same advantage (as with plate loading) in 
keeping the loadline out of the region of bottom curvature. It would be possible, 
with the higher resistance load, to increase the input voltage so as to extend the load- 
line from OC to meet the E e = curve. 

If the load resistance R k is decreased, the loadline will rotate about O to the position 
(say) EF. If the input voltage is unaltered, the plate current will cut off at F and the 
valve will run into grid current at E, both resulting in distortion. In this, the cathode 
follower differs from a plate loaded triode, and it is important to ensure that the load 
resistance does not fall appreciably below the designed value. Fortunately, a loud- 
speaker has an impedance characteristic which, although it rises considerably above 
its nominal (400 c/s) value, does not drop appreciably below it. A cathode follower 
with a loudspeaker load is therefore a good combination from the loading point of 
view. 

2SO 




200 300 

PLATE TO CATHODE VOLTAGE 



FIG. 7.86 



Fig. 7.86. Cathode follower characteristics of power triode (type 2A3) with 
transformer-coupled load. Loadline AB is normal ; CD is high resistance load line ; 
EF is low resistance loadline illustrating grid current and plate current cut-off. 



If a low impedance driver is used, it is possible to drive a cathode follower into the 
grid current region with considerably greater power output and efficiency. In the 
ideal limiting case, the conditions are : 

Plate voltage E b volts 

Plate current I b amperes 

Load resistance E b /I b ohms 

Power output iE b I b watts 

Plate efficiency 50% 

If the cathode follower is to be used as a high-input-impedance voltage amplifier, 
the conditions vary with the output level. At low output voltages, the operating 
conditions are of no consequence (within reasonable limits) so far as voltage gain is 
concerned, and R k may be equal to r v . For very high output voltages, the load re- 
sistance should be as high as practicable (assuming a purely resistive load), say R k = 
5r„, and the operating current should be as low as practicable without causing plate- 



7.5 



(ii) PENTODE CATHODE FOLLOWER 



393 



FIG. 7.87 



current cut-off. A somewhat lower load resistance may be used for fairly high output 
voltages. 

The transformer primary inductance should have the same value as for plate loading 
under similar conditions, if full power output is desired at low frequencies. A trans- 
former with low primary inductance will give uniform gain at low level output, but 
at high output it will cause plate-current cut-off and grid current as for loadline EF 
in Fig. 7.86. 

References C14, C16, C17, C29, Dl, D2, D3, D8, D9, D10, Dll. 
(ii) Pentode cathode follower 

A pentode (or tetrode) may be connected in several ways arising from the screen 
supply and by-pass — 

(A) Triode connection (screen tied to plate) 

The published " triode " characteristics may generally 
be used. If no triode characteristics are available, ascer- 
tain the characteristics for the screen voltage corresponding 
to the desired conditions (the plate voltage may be equal 
or higher). 

Then I k t& I b + I e2 (4) 

„. „ „ _ g m *f (pentode g m ) x (/»//>) (5) 

former-coupled, screen (B) Screen by-passed to earth 

by-passed to cathode. There is no exact method using published characteristics. 

An approximate method has been described by Shapiro (Ref. D2). 
(C) Screen by-passed to cathode — Transformer-coupied (Fig. 7.87) 

The cathode follower characteristics may be drawn by the same method as for a 
triode (Fig. 7.88). The procedure for calculating the power output and distortion is : 
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FIG. 7.88 
Fig 1 . 7.88. Cathode follower characteristics of beam power tetrode and typical of all 
pentodes. Loadline AOB is normal ; CD high resistance ; EF low resistance illus- 
trating grid current and plate current cut-off. 
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1. To determine the maximum plate voltage and current for the operating point. 
Here E b = 285 V and happens to coincide with the E c b = 300 V curve. If desired, 
mark the value of E/ corresponding to point O. 

2. Try several values of load resistance (i.e. slope of loadline) until an optimum 
position for point A is determined, so as to make OA as long as possible, and at the 
same time give OB = OA with B slightly above plate-current cut-off. 

3. Determine E b for point A (in this case 50 V) — A is then automatically on the 
E eb = 50 V curve. 

4. Draw the other limiting E cb curve (in this case E cb = 550 V, giving a peak 
amplitude of 250 V each way). 

5. Calculate power output and distortion as for a power triode, using the loadline 
AOB and the E c b curves. 

When a higher resistance load is used with the same input voltage, the loadline 
rotates about O to (say) COD, where the power output is lower, the distortion slightly 
less, and point C is well negative with respect to E e = 0. When a lower resistance load 
is used with the same input voltage, the new loadline may be (say) EOF where E is well 
into the grid-current region and F is beyond plate-current cut-off. In this respect the 
pentode is similar to the triode, but the pentode is rather more critical regarding low 
load resistances ; it is, however, quite satisfactory with a speaker load. 

If cathode bias is used, the procedure is as for a plate-loaded power pentode. 

(D) Screen by-passed to cathode — Resistance-loaded (Fig. 7.89) 

The curves are generally the same as for transformer coupling, and the treatment is 
similar to that for resistance-loaded triodes, except that it is necessary to allow for the 
d.c. screen current flowing through R k . The screen current may be taken from the 
published data for typical operating conditions, or estimated from the ratio of plate 
to screen currents. The voltage drop through R k additional to that due to the plate 
current will be R k I e z. The procedure is to take as the effective plate supply voltage 
the value (E bb — R k I C i) and then to proceed normally, as for a triode. 

(E) Screen voltage from separate supply (Fig. 7.90) 

If the screen voltage is obtained from a separate supply, such as a battery, returned 
to the cathode, then the voltage from cathode to screen may be maintained constant 
without smoothing out the screen current variations. In this case the screen current 
does not flow through the cathode resistor R k . The pentode characteristics for a 
constant screen voltage may be used without any adjustment for the effects of screen 
current. 

References Dl, D2, D3, Dll. 

FIG. 7.89 FIG. 7.90 





INPUT 



Fig. 7.89. Pentode cathode Fig. 7.90. Pentode cathode 

follower, resistance-loaded, screen follower, resistance-loaded screen 

by-passed to cathode. from separate supply. 

(iii) Triode with voltage feedback 

The basic circuit is Fig. 7.91 in which we can consider the conditions with direct 
applied voltages (E/ and E b ). A fraction of the plate voltage is applied degeneratively 
to the grid so that 

101 =*Ri/(Ri + Rz) (7) 

where |j8| is the numerical value of j3 without regard to its sign. 

Consider first the condition for J?,, to be zero. It is evident that the condition is that 

where E b0 = value of E b when E e = 0. 
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Now consider the general condition when the grid is negative with respect to the 
cathode. If the input voltage E t ' is kept constant, then the grid-to-cathode voltage 
E e will change when E b is changed. The relationship is 

AE e = |j3|( AE b ) when E t ' is constant. 
Therefore AE b = AE./\p\ 

Therefore E b = E b0 - AE b = E b0 - AE c /\p\ (9) 

Eqn. (9) may be used for the calculation of points on the constant E/ characteristics, 
as for example : 

100 100 100 100 100 volts 

0.2 0.2 0.2 0.2 0.2 

20 20 20 20 20 volts 

-1 -2 -3 -4 volts 

-5 -10 -15 -20 volts 

100 95 90 85 80 volts 



■E&o = 

\P\ 
E{ 

- AE e 
-^/liSI = 



FiG. 7.9 i 



These have been plotted in Fig. 7.92. It should be noted that E b0 is the plate 
voltage corresponding to zero grid voltage. 

(iv) Pentode with voltage feedback— Transformer coupled 

Pentodes with a substantial degree of negative voltage feedback (say |j8| ^ 0.2) 
behave more or less like a cathode follower. Pentodes with a 
limited degree of feedback, or none, exhibit some special 
peculiarities. Fig. 7.93 shows input voltage curves for three 
different values of j3 ; the curvature on the jS = — 0.1 curve 
continues along its whole length while its slope is gradual and 
bottom curvature extensive. 

The full effect of a low degree of feedback is illustrated in 
Fig. 7.94 where jS = — 0.1. The curves are drawn as in the 
triode case except for the change in JS. A suitable loadline 
AOB has been selected to give about the same power output 
as without feedback. Provided that the load resistance re- 
mains constant, the performance is satisfactory, but the 
value is critical. With constant input voltage (40 volts peak) 




Fig. 7.91. Basic 

circuit of triode with 

negative voltage 

feedback. 
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Fig. 7.92. Feedback characteristics of small general purpose triode with 20% 
negative voltage feedback (j8 = -0.2). 
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Fig. 7.93. Single input voltage curve for each of three values of voltage feedback 
for beam power tetrode (6V6-GT with E c2 = 250 V), to illustrate effect of feedback. 
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Fig. 7.94. Feedback characteristics of beam power tetrode (6L6 or 807 with 
E c2 = 300 V) and 10% voltage feedback (j8= -0.1). 
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FIG 




the valve will run into grid current as soon as the load resistance 
either increases or decreases. It is therefore not suitable for 
use on a loudspeaker load unless the input voltage is reduced. 
A 10% reduction in input voltage (19% in power output) would 
be some improvement, but greater reduction is desirable, say 
20% to 30% of the input voltage, depending on the operating 
conditions. Even with an input reduction giving a power out- 
put of only 50% maximum, the pentode is still less flexible 
with regard to load resistance than an ordinary triode. This 
position improves as the amount of feedback is increased. 

See References D4, D12. Figm 7 95> Basic 

circuit of cathode 
degenerative triode. 
(v) Cathode degenerative triode 

The circuit diagram of a cathode degenerative triode is shown in Fig. 7.95 from which 
it is evident that 

E e = E t ' -E k (10) 

The curves of a cathode degenerative triode may be drawn by the procedure out- 
lined below, although a special set of characteristics is required for each value of R k . 
Fig. 7.96 shows the curves for a typical general purpose triode with R k = 1000 ohms. 
The input voltage curves are straighter than those without feedback, and the two 
curves coincide only at I b = 0. The E{ curves have a lower slope, indicating a 
higher plate resistance, than the E c carves. 

Take the E/ = — 4 V curve as an example of the calculations. We know that 
R k = 1000 ohms and E/ = - 4 V. If I b = 2 mA, then E k = 2 V and E c = 
£/-£j=-4-2 = -6V, 

Refer to the plate characteristics to find the plate voltage which will give a plate 
current of 2 mA at a bias of — 6 V — the value is E Pk = 144 volts. 
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Fig. 7.96. Current feedback characteristics of general purpose triode (6SN7-GT 
single unit) with R t -— 1000 oAww. 
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The total voltage (E b ) from plate to earth is 
E b = E vk + E k = 144 + 2 - 146 V. 

Therefore the point (JB b = 146 V ; I b = 2 mA) is on the El = — 4 V curve. 
Repeat this procedure for l b — 0, 4 } and 6 mA to give the whole curve ; then per- 
form a similar operation for El = — 6 V, — 8 V and so on. 

The loadline may then be drawn in the normal manner, except that its slope will be 
— 1/(2? * 4- R j). The El curves are to be used for calculating gain and distortion. 

The method generally employed with cathode degenerative triodes makes use of 
the published characteristics. There are several methods including those of Middle- 
ton, Mcllroy, Huber, Lonsdale and Main ; the following treatment is based on 
KrausSj and may also be applied to cathode followers. 

As an example take the characteristics of Fig. 7.97 with R k = 8 000 ohms, 
R L = 32 000 ohms and E bb = 400 volts. Draw the loadline corresponding to R k + R L = 
40 000 ohms, as shown. Add an E k scale below the E b scale, based on the equation 
E k = R k I b , commencing from E bb . The value of E k at any point on the loadline 
may then be found by projecting downwards to the E k scale. 

The input voltage El is not proportional to any scale on the diagram, because the 
amplification is not constant. The value of El at any point of intersection along the 
loadline may be found by drawing up the following table where each value of E e 
is taken in turn. The input voltage is actually (JE k + E c ), but for convenience the 
point (E c = — 8) has been selected as the operating point, and so shown in the El 
column. 



E e 


E k 


(E k + E e ) 


E/ 





64 


64 


34.7 Point A 


-2 


57 


55 


25.7 


-4 


50.2 


46.2 


16.9 


-6 


43.6 


37.6 


8.3 


-8 


37.3 


29.3 


Operating point (O) 


-10 


31.2 


21.2 


-8.1 


-12 


25.1 


13.1 


-16.2 


-14 


19.6 


5.6 


-23.7 


-16 


14.7 


-1.3 


-30.6\Point B at E k = 11.9 
-37.2 J and El = - 34.7 


-18 


10.1 


-7.9 


-20 


6.2 


-13.8 


-43.1 



The values of E t ' may be plotted against E k and therefore also against E b to give the 
dynamic characteristic, but this is usually unnecessary. Once the maximum input 
voltage has been selected it is only necessary to mark the extremities on the loadline. 
For example, if it is desired to swing to E e = 0, then the peak El will be 34.7 volts 
in each direction. The peak in one direction will be A where E e = 0, and the other 
will be B, determined by interpolation : 

E e = - 16 E k = 14.7 Ei = - 30.6 
E e = - 18 E k = 10.1 E{ = - 37.2 



Diff. = 6.6 

Also the difference between the desired value (— 34.7) and — 30.6 is 4.1. The ratio 
is therefore 4.1/6.6. 

Similarly with E k : 14.7 - 10.1 = 4.6. 

The value of£ t for point Bis therefore 14.7 - 4.6(4.1/6.6) = 14.7 - 2.8 = 11.9. 

The voltage gain and power output may be calculated from E b = 5Z? to using the 
values of E k at El = 34.7 (point A), El = (point 0) and El = — 34.7 (point B). 
The second harmonic distortion may be found from the ratio AO/OB measured in 
volts (E k ) ; i.e. (64 - 37.3)/(37.3 - 11.9) = 26.7/25.4 = 1.05. Therefore 
Hj, «s( 1%— see Chapter 13 Sect. 2(i). 

References Dl, D3, D5, D8, D9, D10, Dll. 
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Method of calculating performance of cathode degenerative triode 
without drawing special characteristics. 



(vi) Cathode degenerative pentode 

The general procedure is the same as for triodes, except that allowance must be 
made for the d.c. screen current flowing through R k . This is done by taking 
(E bb — Rjelcd as the effective plate supply voltage, and then by carrying on as for 
the triode case. 

For valves with a high plate resistance this method is not very satisfactory, and a 
more practical method has been described by Pratt. 

References Dl, Dll. 

(vii) Cathode-coupled triodes 

It is possible to make a graphical analysis of the cathode-coupled amplifier, using 
ordinary published valve characteristics (Ref. D6). 

(viii) Feedback over two stages 

It is possible to draw the equivalent characteristics of two stages in cascade with 
feedback over both stages, following the method of Pratt (Ref. Dl). 

Alternatively, it is possible to use the published valve characteristics to obtain a 
graphical analysis (Ref. DT). 
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SECTION 1 : INTRODUCTION TO ELECTROMAGNETIC WAVES 

(t) Wave motion («) Electromagnetic spectrum '(at) Wave propagation. 

(i) Wave motion 

Before considering the various methods of radio reception, it is desirable to have 
an understanding of the nature of radio waves and of how they are used to transmit 
intelligence. 

The theory of electromagnetic radiation (Refs. 1, 2, 3) is essentially a mathematical 
one and any attempt to reduce the theory to non-mathematical terms requires certain 
assumptions to be made which are not strictly true. 

It should be noted that sound waves in air, waves in water and radio waves are 
propagated in entirely different ways. 

In the case of sound, the waves are called " longitudinal " and consist of alternate 
compressions and expansions of air. 

The layers of air as shown in Fig. 8.1 do not move steadily forward with the wave 
but move to and fro through a limited path in the direction of motion of the wave. 



MOVEMENT OF PISTON 



1 WAVELENGTH 



FIG. 8.1 



COMPRESSION EXPANSION COMPRESSION 

Fig. 8.1. Representation of a sound wave in air. 



Referring to Fig. 8.2 and assuming this to be a representation of a water wave, it 
will be seen that as the wave progresses, a particle (such as a cork) as shown in the 
figure, moves in a vertical direction which is at right angles to the direction of motion 
of the wave. This form of wave motion is known as " transverse." 

The distance between two successive crests is a measure of the length of the wave, 
i.e. the wavelength, and the number of complete waves (or cycles) passing any point 
in one second denotes the frequency in cycles per second. 

The medium in which the wave is transmitted determines the speed or velocity 
of propagation. In the case of sound waves in air, the velocity is approximately 
3.4 X 10 2 metres per second. The velocity of sound in some common media is 
given in Chapter 20 Sect. 8(iii). 
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(i) WAVE MOTION 



8.1 



Electromagnetic waves are also transverse. However, radiated electromagnetic 
energy consists of two component fields, respectively magnetic and electric, both in 
phase, existing at right angles to each other and to the direction of motion of the 
wave. In contrast to sound waves in air, electromagnetic waves in free space have 
a velocity of 3 x 10 8 metres per second. 



WAVE MOTION 




w 



w 



(c) 



Wavelength 
30 000 M - 0.01 cm 
0.04 cm - 0.000 07 cm 
7000 A° - 4000 A 
4000 A° - 120 A 
120 A° - 0.06 A° 
1.4 A° - 0.01 A 
about 0.0001 A 



FIG. 8.2 

Fig. 8.2. Representation of a water wave, 

(ii) Electromagnetic frequency spectrum (Ref. 4) 

Type of radiation 

Hertzian Waves (used for radio communication) 

Infra Red 

Visible Light* 

Ultra Violet 

X-Rays 

Gamma Rays 

Cosmic Radiation 

1 Angstrom unit A = 1 x 10 _8 cm. 

(iii) Wave propagation 

Assuming a simple non-directional aerial, the electromagnetic waves are radiated 
in straight lines at all angles. That portion of the radiation at a large angle to the 
horizontal is called the " sky " wave. Depending upon the frequency and the angle 
of radiation, this wave may be reflected by an ionized layer in the earth's upper atmo- 
sphere and thus return to the earth at a considerable distance from its origin. By 
making use of this phenomenon, long distance short wave communication can be 
accomplished. 

In recent years much work has been done in forecasting frequencies that will give 
best results for communication between any two points at any given time. These 
predictions, based on a study of the ionosphere, are published regularly in different 
parts of the world and are an exceedingly valuable aid to reliable communication 
services. A handbook has been published explaining the basis of the predictions 
and the methods used in forecasting (Refs. 5, 6, 7, 8, 9, 10). This subject is covered 
more comprehensively in Chapter 22, Sect. 6. 

For the effect of the ionosphere on the reception of radio signals see 
Chapter 22, Sect. 6. 

'For further details, see Chapter 38 Section 13 and Fig. 38.8. 
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SECTION 2 : TRANSMISSION OF INTELLIGENCE 

(i) Introduction (») Radio telegraphy (iii) Radio telephony. 

(i) Introduction 

There are several methods of conveying information using the radiated waves. 
By switching on and off the transmitter in accordance with a prearranged code, audible 
sounds will be heard in a suitable receiver. This is known as radio telegraphy. 
Alternatively the intelligence in the form of speech or music can be superimposed 
on the transmitted radio frequency by a process of " modulation." This is referred 
to as radio telephony. There are four major types of this latter system of transmis- 
sion, known as amplitude, frequency, phase and pulse modulation (Refs. 17, 18, 33). 

(ii) Radio telegraphy 

This is used primarily for communication purposes over long distances. By means 
of automatic transmission and reception it is possible to convey messages at a rapid 
rate half way round the world. Such circuits are less susceptible to interference and 
mutilation of the message text than corresponding circuits using radio telephony. 
A radio telegraph (C.W.) transmitter usually consists of a crystal oscillator followed 
by several r-f power amplifier stages. An automatic or manual switch, operating in 
a power circuit supplying current to one of the r-f amplifier electrodes, serves to turn 
the r-f power on or off as required by the coded messages (Ref. 11). 

(iii) Radiotelephony 

(A) Amplitude Modulation (A-M) 

This is commonly used in local medium frequency and long distance shortwave 
broadcast transmitters. The amplitude of the r-f radiated wave (the carrier) is 
varied at an audio frequency rate according to similar variations* of the intelligence 
which it is required to transmit. This is usually accomplished by varying the plate 
voltage of a r-f amplifier by the audio signal. The r-f amplifier may be in the final 
transmitter stage, in which case a large audio power is required for complete modula- 
tion — 50% of the modulated r-f stage plate input power. This is called " high- 
level " modulation. As an alternative, modulation can be employed at an early stage 
in the transmitter, and linear r-f amplifiers used to raise the power level to that re- 
quired. Much smaller powers are necessary for this "low-level" modulation 
system, but the Class B linear r-f amplifiers are less efficient than the Class C counter- 
parts used in the " high-level " method of modulation. Both systems are used ex- 
tensively, but most high power transmitters employ " high-level " modulation. With 
amplitude modulation, the power output of the transmitter varies, but the phase and 
frequency of the carrier remain unaffected (Refs. 12, 13). 

(B) Frequency Modulation (F-M) 

This is now coming into its own in the mobile equipment field. While it is being 
used to supplement medium frequency A-M broadcasting, F-M may also be used for 
the audio channel of television (TV) transmitters. In this system the carrier frequency 
is varied at audio frequency above and below the unmodulated carrier frequency. 
This can be achieved by using a reactance valve to alter the frequency of the trans- 
mitter master oscillator, the reactance valve being controlled by the audio frequency 
signal. 

In contrast to A-M, the power output from an F-M transmitter does not change, 
but the frequency of the carrier varies, the deviation in frequency being proportional 
to the amplitude of the modulating signal (Refs. 14, 15, 16, 24, 32, 33). 

(C) Phase Modulation 

In this system the audio signal is used to shift the phase of the carrier, the change 
in phase angle being proportional to the instantaneous amplitude of the modulating 
signal. The carrier frequency also changes but the power output remains constant. 
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P^M is not yet in' general use and will therefore not be considered further (Refs. 
19, 20, 21, 22, 23, 24, 31, 33). 

(D) Pulse Modulation 

The numerous variations of this system are finding their chief application in the 
very high frequency communication field. Radar and related distance measuring 
equipments rely largely on pulse modulation for their successful operation. This 
modulation system is outside the scope of the Handbook (Refs. 25, 26, 27, 28, 29, 
30, 33). 
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SECTION 1 : INTRODUCTION 

When a violin is tuned, the tensions of its strings are adjusted to permit vibration 
at particular frequencies. In radio, when an arrangement of L, C, and R responds 
to particular frequencies, it is called a "tuned" circuit. 

In principle, the tuned circuit is similar to a pendulum or violin string, tuning fork, 
etc. — it has the property of storing energy in an oscillating (vibrating) state, regularly 
changing from kinetic form (magnetic field when current flows through the coil) 
to potential form (electric field, when the condenser is charged) and back again at a 
frequency called the natural resonant frequency. 

In Fig. 9.1 let the condenser C be charged. It will discharge its 

energy through the inductance X, causing the current to increase all 

the while, until it reaches the maximum when there is no potential 

across C. At that instant the energy is all magnetic, and the current 

continues, fed by the magnetic field, to build a voltage of reversed 

polarity across C. When all the energy has been transferred from L to C, 

the voltage across C has its original value, but is reversed in sign, and the current is 

diminished to zero. The process then reverses, and repeats itself indefinitely, cycle 

after cycle. 



FIG. 9.1 
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SECTION 2 : DAMPED OSCILLATIONS 

Were there no loss of energy, each cycle would be the same, but this is never the 
case in practice, as the coil must have resistance. The rate at which the energy 
decreases is proportional to the energy (remaining) in the circuit. 

For a detailed account of damped oscillations, as these periodic changes of decreasing 
amplitude are called, reference should be made to standard textbooks relating to the 
theory of radio circuits. A list of several such books is given in the accompanying 
bibliography. 

Here we consider briefly the circuit shown in Fig. 9.2a. Let I be the maximum 
value of the current during a given cycle of the oscillation, and let the time t be meas- 
ured from the instant of this maximum ; then the value of the current i at any subse- 
quent time is given by the equation 

i = I €~ xt cos a>„t } (1) 

where a = r/2L = damping factor, 

and <a n =\/ — . 

V LC 4L a 

The quantity /„ = co n /2n is called the natural resonant frequency. In the above 
formulae L is in henrys, C in farads, r in ohms, <a n in radians per second and /„ in 
cycles per second. 

The resonant frequency/,, (corresponding to r = 0) of the circuit is defined by 
2nf = w = VT/LC (2) 

The ratio of the natural resonant frequency to the resonant frequency is 

fn/fo = Vl - l/(4Q a ) (3) 

a>oL 2nfoL 

where Q = = 

r r 

_ reactance of the coil at resonant frequency 

coil resistance 

This relationship shows that in practice there is little difference between these two 

frequencies. Q must, for example, be less than four to make /„ differ by 1% from 

/„. Q normally exceeds fifty, for which value the two frequencies differ by about 

one part in twenty thousand. 

If now, in the equation for the current, t is increased by an amount 2w/o> n , the 

period of one cycle, we arrive at the corresponding point in the next cycle. Let »" 

denote the current at this point, so that 

,-' - /-€ -«C*+2«/-0 ^ Wn( , + 2n/u>n) 
_ • —2nalto H 

or, i'/i = € - 7rr l (U ^ L 3 since a = r/2L (4) 

This gives the ratio of the amplitude of one cycle to that immediately preceding. 

Logarithmic decrement, 8, is defined by 

S = 7rr/o> B L = log £ (i/O (5) 

and is thus the naperian logarithm of the ratio of the amplitudes of two successive 
cycles. 

See also Sect. 11 Summary of Formulae. 
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SECTION 3 : SERIES RESONANCE 

The series impedance z of the circuit in Fig. 9.2a at any frequency (/ = t»/2ii) 
is given by t he expression 

z = Vr* + [oL - (l/o>C)P (6) 

Thus if an alternating voltage of frequency / be applied in series with the circuit, 
when the value of r is fixed, we see that z is least, and hence the current reaches its 
maximum, when a>L — 1/wC = 0, i.e. when to = l/\/LC — a> oi the resonant 
frequency. 

It is perhaps surprising that the frequency for maximum current is independent 
of the circuit resistance r and that maximum current does not occur when the fre- 
quency of the applied voltage is equal to the natural frequency /„. The state of maxi- 
mum current flow is called series resonance. 

If E be the r.m.s. value of the applied alternating voltage, the rjm.s. value / of the 
current produced in the circuit is clearly 

E E 

1 = —=-= (7) 

z Vr 2 + [«L - (1/wQ] 1 

= £/r,when <a = l/^/LC = w„ (8) 

The voltages across the several parts of the circuit under this condition of 
series resonance are (Fig. 9.2a) : 

rl = E across the resistance (9) 

oioLI across the inductance (10) 

and — (1/« C)7 across the capacitance. (11) 

The voltages across the inductance and capacitance are equal and opposite in sign, 
thus cancelling each other, and usually they are large compared with the voltage 
across the resistance. The voltage across the inductance may be expressed as 
(a>oL/r)E, and therefore its ratio to the voltage applied in series with the circuit is 
at JL/r. This ratio, usually denoted by Q, is the ratio of the reactance of the coil 
at resonance to the resistance in series with it, and is called the magnification factor 
or quality factor. Thus, 

otoL 1 /L 1 

Q = — - = -J ^ = — 7T— (12V 

^ r r^f C <a Cr 

Q may also be called the energy factor and is then defined by 
peak energy storage 

Q = 2tt — - — .. . , . . — r - 
energy dissipated per cycle 

peak energy storage 
— w average power loss 
That this is equivalent to WoL/r is shown by 



Q ~ w ° */V 




FIG. 9.2 




It is shown in Chapter 4 Sect. 5(vi) that the power factor is approximately equal 
to 1/Q i when Q is greater than 7 the error is less than 1%. 

See also Sect. 11 Summary of Formulae. 

The general treatment of series circuits with L, C and R is given in Chapter 4 
Sect. 6(ii). 
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SECTION 4 : PARALLEL RESONANCE 

Let us now examine the result of applying an alternating voltage E across the con- 
denser C in the circuit shown in Fig. 9.2b. The current divides between the two 
branches, and we find that the (r.m.s.) value of the current in L and r is given by 

j = g__ (13) 

L Vr 2 + a> 2 L 2 
and the r.m.s. value of the current in C by 

I e = coCE (14) 

Adding the two currents, with due regard to their phase relation, the r.m.s. value of 
the total current J is found to be 

'- B J(*-*tt)' + (*T*vy (i5 > 

When wC — coL/(r 2 + w 2 L 2 ), the total current / is in phase with the applied 
voltage E, and has its minimum value 

I = E 2 _■/»» ( 16 ) 

r 2 + o) 2 L 2 
This condition is termed " parallel resonance* ", as distinct from the " series 
resonance " considered earlier. At resonance, the currents in the condenser and coil 
are large compared with the current in the external circuit and they are very nearly 
opposite in phase. 

The value of at at which parallel resonance occurs can be determined from the 
equation 

<o =-- 7 ^-- 7 = 1 (17) 

It was pointed out in the previous section that a>L/r, the ratio of the reactance of the 
coil to the resistance in series with it, is usually greater than 50. Thus, with an error 
of about one part in 5000 at Q = t»L/r = 50 and correspondingly smaller errors at 
larger values of Q, we find that the parallel resonant frequency /„ is given by 

<« = 2tt/ re 1/VLC. 
This is the same result, to the accuracy indicated above, as that obtained in the series 
resonance case. 

With a similarly small degree of error we may write the following simple relations 
for the currents at resonance. The current in the external circuit (Fig. 9.26) 
is given by 

„ r E.Cr 

E 1 E.a> C , v 

xz—:-^ — ^— (18) 

where Q = WgL/r as before. The current in the inductance and resistance 

is very closely equal in value to that in the capacitance, 

I l ph - I c & E/aioLfia - <o CE (19) 

and is Q times larger than the current in the external circuit 

The formulae given so far hold only when the condenser loss is negligible. In 
order to generalize our expressions in a simple manner let us first consider the two 
circuits shown in Fig. 9.3a and Fig. 9.3b. At (parallel) resonance for Fig. 9.3a we 
have found that the current / in the external circuit is 
/ «i ECr/L «y E/QayJL etc. ; 

•Parallel resonance may be defined either as 

(a) the frequency at which the parallel impedance of the circuit is a maximum, or 

(b) the frequency at which the equivalent reactance of the complete parallel circuit becomes zero 
(i.e. when the impedance has unity power factor and acts as though it were a pure resistance at 
the resonant frequency). This can also be expressed by saying that the parallel circuit has 
zero susceptance at the resonant frequency. 

For further details see Chapter 4 Sect. 6(iii) and (iv). 
Definition (b) is used in this chapter. 
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and for Fig. 9.3b, to the same approximation, it is evident that 
If*E/R e . 

These two circuits are equivalent at resonance provided we set 

R . = L/Cr = QoJ, = Q/o C = Qs/L/C (20) 

Note that Q = R «V C/L, and that R e is the parallel resistance (across C) equivalent 
to the series coil resistance r. 

It has been shown that the circuit Fig. 9.3a with a condenser C having no losses 
and an inductance L having series coil resistance r may be replaced by the equivalent 
circuit Fig. 9.3b having an ideal tuned circuit LC, without losses, shunted by the re- 
sistor jR e having a value given by equation (20). It is obvious that the impedance 
of the parallel combination LCR e in Fig. 9.3b at resonance is R e , this being the 
" resonant impedance " of the circuit. At frequencies other than the resonant fre- 
quency, the impedance will be less than the " resonant impedance." 

The values of Q in terms of series coil resistance r and equivalent parallel resistance 
R e are grouped below for convenience. 

In terms of r : Q = 



In terms of R e : Q = —j-= <o CR e =R e /J- T 



Cr r'V C 

'C 

>0 L ~°~" 6 " e, V L 
We can now consider the important practical case of the circuit shown in Fig. 9.4, 
in which a resistance JR appears in shunt with the condenser C. JR represents the 
effect of all insulation losses in condenser, coil, wiring, switches and valves, together 
with the plate or input resistance of the valves. 

M 




r L c 




Fig. 9.3(a). Parallel resonance with series loss resistance. 

Fig. 9.3(b). Parallel resonance with parallel loss resistance. 

Fig. 9.4. Parallel resonance with both series and parallel loss resistances. 

In the present case we have JR in parallel with our equivalent parallel coil resistance 
iR e of Fig. 93b. The resultant parallel resistance at resonance, which we will call 
the resonant impedance is, of course, 

R ° = 1/rIct/L (21) 

Therefore, the resultant value of Q is 

/c 1 * 

Q=*/l-X D = (1/K) ^/lJc + WW = (»oL/R) + (r/coj.) (22) 

Note that at the resonant frequency the expression s/L/C is equal to the reactance 
of the inductance and also that of the condenser, i.e. 

wj. = VL/C= 1/m.C. (23) 

See also Sect. 11 Summary of Formulae. 
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SECTION 5: GENERAL CASE OF SERIES RESONANCE 

Fig. 9.5 shows the general type of series resonant circuit. It is often convenient 
to express the effect of the two resistances at resonance as a resultant equivalent 
series resistance, r' say. In the circuit of Fig. 9.3 we saw that the effect of a resistance 
r in series with.L was equivalent at resonance to that of a resistance L/Cr shunted 
across C. By similar reasoning it may be shown in the present case (Fig. 9.5) that 
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Fig. 9.5. Series resonance with losses in 
inductive and capacitive elements. 



the effect of R at resonance is equivalent to that of a resistance of value L/CR in 
series with L. The resultant equivalent series resistance r' is thus equal to 
r + (LC/R), and the resultant value of Q is o>oL/r'. 
See also Sea. 11 Summary of Formulae. 



SECTION 6 : SELECTIVITY AND GAIN 

(»') Single tuned circuit («) Coupled circuits — tuned secondary (ro) Coupled 
circuits — tuned primary, tuned secondary (iv) Coupled circuits of equal Q (v) 
Coupled circuits of unequal Q. 

(i) Single tuned circuit 

The currents and voltages, and hence the gain, of single tuned circuits at resonance 
are determined by the equivalent series resistance (r' as defined in Sea. 5) and the 
resonant impedance (R D as defined in eqn. 21). 

At frequencies other than the resonant frequency, the reactances of the coil and the 
condenser no longer balance. In the series circuit the resistance r' becomes an im- 
pedance z which is greater than r'. In the parallel circuit the resonant impedance 
R D becomes an impedance Z which is less than R D . 

The appropriate ratios of these quantities determine the selectivity or response 
of the circuit, and they are related to Q and/ by the following expression : 



-f-*V. + <KH-)' 



where A is the voltage gain at the resonant frequency/ and A the gain at frequency/. 

Note that A /A is the ratio of current at resonance to that at frequency / in the 
series case, and the ratio of total current at frequency / to that at the resonant fre- 
quency in the parallel case (see below). 

The phase angle between the applied voltage and the total current is such that 

tan^ =±Q[L^f± \ (25) 



iz-¥) 



the positive sign pertaining to the series case and the negative sign to the parallel case. 
The equation (24) leads to a simple method for determining Q from the response 
curve. We see that when Q[(f/f ) — (/<,//)] = ± 1 the total current will be de- 
creased by the faaor \/2 in the series case (i.e. decreased to 70.7% of the resonance 
value), and increased by the same faaor in the parallel case. It will be observed that 
at either of the frequencies satisfying this condition the phase angle tf> is numerically 
equal to 45°, as tan ^ — ± 1, and that the resistance r' or R D is equal to the reactance. 
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The condition 

Q(f/fo~fc/f)=±l (26) 

may be written 

f/fo-io/f=±l/Q; (27) 

and for values of Q not too low (> 50, say) we have, very closely, 

24/o//o & ± 1/Q (28) 

where Af = / — /„. 

ThusJ/ ^±^- (29) 

and the current is decreased, or increased, by the factor V2 at two frequencies /j 
and/ 2 , one on each side of the resonant frequency / , determined by 

fi — fo ~ «Q > fs = fo -\- 2Q (30) 

Hence, Q *< /„/</*- /0 (31) 

The frequencies /»-/i and / s may be found experimentally, and hence Q may be 
calculated. 

At frequencies very different from f 0i so that A /A is greater than about 10, 
the equation giving the response is very approximately 

A./A*tQ(f/f.-f e /f). (32) 

Also, the expression for the phase angle may be written in the alternative forms 
tan«£ = ± Q(J/f„ -/„//) from equation (25) 

Af. 2 + (4V/ ) 

~ ±Q fo 1+Wo/fo) (33) 

Under these conditions we see that in the series case , 
(a) Across the coil : 

Voltage at resonance L<aJ„ _ Lfdo _ Q f _ ff\ 

Actual voltage when well off resonance Lad ~ Lfi ~ \ / 2 / 
and (b) Across the condenser : 

Voltage at resonance Ccai _ // 2 V 

Actual voltage when well off resonance CcoJ v 2 / 

Similarly, in the parallel case, we have 

Impedance at resonance 

Impedance at frequencies well off resonance 
from which it can be shown that 
(a) In the coil : 

Current at resonance / 



=<H) 



Current at frequency / /,, 
and (b) in the condenser : 

Current at resonance f 

Current at frequency / / 



(35) 
(36) 

(37) 
(38) 



(ii) Coupled circuits — tuned secondary 

We consider briefly now two examples of coupled circuits. The first example, 
shown in Fig. 9.6 illustrates a typical case of a high frequency transformer with 
tuned secondary in a radio receiver. 
The symbols to be used are set out below : 

g m = mutual conductance of the valve in mhos, 

r„ = plate resistance of the valve in ohms, 

L x = primary inductance in henrys, 

Li = secondary inductance in henrys, 

M = mutual inductance between L x and L 2 in henrys, 

k — M/VLiLs — - coupling factor, 

Qt = Lt<a /r = l/rCa» , 

a> = 2ir x resonant frequency of secondary in cycles per second, 
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R D = oioLiQ-t — resonant impedance of secondary in ohms, 

e, = input voltage, 

e = output voltage, 
and A — stage voltage gain (amplification). » 

When the secondary is tuned, its impedance (at w ) is simply r, and it reflects into 
the primary a resistance equal to M 2 w 2 /r. The primary signal current I„ is, there- 
fore, 

" VX P * + (r p + M 2 a>„ 2 /ry 
where X v is the reactance of the primary. 

When the conditions are such that the primary reactance can be neglected, we have 
I,f*gm.r,. et/iTp + M*a> */r) (40) 

It follows that the secondary current I s is given by 

_ Af qi.7, g m . e t 

r ~ (r/Ma> ) + (Ma> /r P ) K J 

Hence the induced voltage across L 2 (and C), that is e 0) is 
gm.et. L 
e = 



(jr/Mai ) + (Ma> /r P ) 

gm 



= A„ = 



(1/M w.QJ + (M/ rp L 2 ) 

gnkRjjVLt/Lz 



(42) 
(43) 

~ 1 + k\R D /rJ . (LJLz) (44) 

When r„ is very much greater than o) 2 M 2 /r{= k 2 R D (Li/L^)] we have simply 
Iv «* gm • «„ (45) 

I, & g m • e t . Ma) /r } (46) 

and e /ei = A *x gm^MQi. = gm • kR B VLi/L t (47) 

If the inductances L x and L 3 have the same ratio of diameter to length, or form 
factor, and the turns are Ni and N 2 respectively, then \/L 1 /L 2 in the above formulae 
may be replaced by N^N^. The plate resistance r„ in parallel with the primary is 
reflected as a series resistance M*<a */r,, into the secondary. If the value of this 
reflected resistance is greater than say 5% of r, its effect should be taken into account 
when computing the selectivity of the secondary. This selectivity, then, is deter- 
mined by means of the formula 

*/*■' = Vl +Q2*U/fo-fo/f] i 

where r' = r + M 2 a)„ 2 /rj„ 



(48) 



oioL 2 



1 



311(1 Q * ' r' (1/Q 2 ) + (k*L x <» /r v ) 

Note that Q 2 ' and r' must not be used when calculating the gain A t 



FIG. 9.7 




Fig. 9.6. Amplifier stage using a high frequency transformer with a tuned secondary. 
Fig. 9.7. Amplifier stage using a double tuned high frequency transformer. 



(iii) Coupled circuits — tuned primary, tuned secondary 

The second example of coupled circuits is shown in Fig. 9.7. This is a typical 
high frequency transformer with tuned primary and tuned secondary. Intermediate 
frequency transformers in super-heterodyne receivers are usually of this type. Very 
thorough discussions of such transformers have been given from the theoretical point 
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of view by Aiken (Ref. C2). For the design procedure see Chapter 26 Sect. 4. In 
this case the resistance in parallel with the primary at resonance is 
LJCf, + LJCJRj, = LJC X R', where 1 R r = 1/r, + 1/Rj. ; 
and the resistance of the secondary is L^/C^Ra so that the resistance reflected into 
the primary is (»o l M t C i R i /L i . The primary current I p is, therefore, 

t = g ^l_ . _ ( AQ\ 

9 w.Cx L x jC x R' -r *>*APCJlJLi K } 

The secondary current I, can readily be shown to be 

■/. = (Af^C^/L,)/,, (50) 

and the induced voltage e across L 2 and C a to be 

e,=L a ca t I t = (MC a £ 3 «> „*)/„. 
Therefore the voltage gain at the resonant frequency, A 0} is given by 

ii- = A = gmMta ° (5 u 

e t "" Li/R'RtCi + aWd/I* K } 

This relation for the gain may also be expressed as 

Ao ~ k* -r 1/Q'Qs ^ ■ 

. gmVR'Ri /con 

or, A a = -=> \>3) 

VQ^ + i/CH'Q'Q, 
where, as before, & = Af/vZo^a, and Q' 3 Q 2 have their usual meaning, i.e. R' IL x cm 
and i?o/L 2 co respectively. 

The expression for calculating the selectivity is lengthy and complicated and a 
graphical treatment described later is preferable (Sect. 7). 

As k is increased from low values, the gain increases until k^Q'Q z — 1, after 
which it decreases. This value of k = 1/V Q'Q 2 is known as the critical coupling 
factor (k e ). 

(iv) Coupled circuits of equal Q 

When the primary and secondary circuits are identical, and the coupling factor is 
equal to k c , and the plate and grid return resistances are very high, we see that the 
voltage gain obtained is exactly half that with a single tuned circuit. The critical 
coupling factor in this case, of course, is 

k c = 1/Q where Q = Q' = Q 2 . 
For values of k less than k a the response curve (gain versus frequency) has a single 
maximum at /„, the resonant frequency of each of the circuits. When k exceeds 
the critical value, however, the amplification curve becomes double-humped, i.e. 
there are two frequencies of maximum response, and these are separated by equal 
amounts above and below f . The distance between these two peaks increases with 
k, and very approximately we find that 

(/.-/i)//.ft* V & 2 -l/Q 8 (54) 

« Vk* - k c \ (55) 

when/i and/ 2 are the frequencies for maximum response, i.e. (/ 3 — / x ) is the band - 
width between peaks. The amplitude of these two peaks is substantially the same 
as the maximum possible gain g m R/2, where i? = i?i = i? 2 - 

Frequendv, an approximate formula for band-width is used : 
V*-fh/f.f*k (56) 

While k largely determines the band-width, the depth of the valley at /„, and hence 
the uniformity of the response in the pass band of frequencies, is determined by the 
relation of Q to k. For a constant value of k (above critical coupling) the dip be- 
comes more pronounced as Q is increased, while the frequency separation between 
peaks becomes greater ; conversely as Q is decreased the dip becomes less pronounced 
and the frequency separation between peaks becomes less. The ratio of the response 
at/ to that at the two peaks is found to be 2.6/(1 + b-), where b »= k/k c . 
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A value for k in the order of 1.5 times critical, i.e. kQ = 1.5, is often used for i-f 
amplifiers requiring band pass characteristics. However, the exact value chosen for 
kQ depends of course, on the bandwidth requirements. 

Further points on the resonance curve can be obtained from the result that the fre- 
quency band width between the points on either flank of the resonance curve, at which 
the response is equal to the niinimum in the " valley " between the two peaks, is V 2 
times the peak separation. It can be shown also that, in general, the gain at any 
frequency / is given by 

(57) 



As _ K /\i _ Q iy2 1 2 , r 2qy i 

A V L 1 + Jk«Q"J + Ll + *»Q«J 



1 + Jk«Q»J ' Ll + k*Q 2 - 
where Y=f/f.-f./f. 

This expression may well be solved graphically according to a procedure developed 
by Beatty (Ref. C7) ; this procedure will be described below. 

(v) Coupled circuits of unequal Q 

In the general case where Q' and Q 2 are unequal, the two peaks of maximum re- 
sponse do not appear immediately k exceeds the critical value k e . The value of k 
at which the two peaks just appear has been defined as the transitional coupling 
factor by Aiken (Ref. C2). T he value of this coupling factor k t is 

k t = VK1/Q'* + 1/Q* 8 ). (58) 

The band width between peaks is found to be 

(/• -/i)//. = V* 2 - V (59) 

This useful result is discussed in an editorial by G. W. O. Howe (Ref. C5). Further 

it has been shown that here, as in the symmetrical case, the band width between the 

points on the flanks, level with the niinimum response in the " valley " between the 

peaks, is V2" times the peak separation. 

In this case, too, the selectivity curve remains symmetrical as k increases (above 
k t ). The amplitude of the peaks decreases, however, as k increases, and also as the 
ratio of Ri/R 2 (or Rz/Ri) increases. Aiken (Ref. C2) gives selectivity curves for the 
three cases (i) R t = lOJ^a, (ii) K x =' 50fl 2 and (iii) JR 1 = 200R 2 with L x = L 2 and 
C x — C 2 . Some idea of the magnitude of this decrease in peak amplitude may be 
obtained from the following figures taken from Aiken's curves : 



RJRi = 10 


RJR 2 = 50 


R t /R 2 = 200 


k/k c 


A/A pt 


k/k c 


A/ A pt 


*/** 


A/A opt 


3 
6 


0.67 
0.62 


7 
15 


0.33 
0.28 


15 
20 


0.17 
0.15 



In this table A opl is the optimum value of the gain, i.e. the gain at resonant frequency 
with critical coupling (= g m VRiRt/2). 

The gain at/ when k > k t is given by [26/(1 + 6*)]/l p f , where b = k/k„ as 
in the case of equal Q's ; as the gain at the peaks is less than A opt however, the re- 
sponse curve is flatter in the present case. 

See also Sect. 11 Summary of Formulae. 



SECTION 7 : SELECTIVITY— GRAPHICAL METHODS 

(1) Single tuned circuit (») Two identical coupled tuned circuits. 

(i) Single tuned circuit 

A single tuned circuit in the plate load of a valve has the well-known frequency 
response shown in Fig. 9.8. At the resonant frequency, where the reactance is zero 
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there occurs the maximum value of the response, and the gain falls away on both 
sides. This curve may be computed from eqn. (24), namely 
A J A = Vl + Q*Y\ 
and tan <b = ± QY, from eqn. (25) 

where Y = (///„ -/„//). 
These formulae, however, lend themselves to a simple graphical treatment as in- 
dicated in Fig. 9.9. 

The ratio of the gain A at resonance to the gain A at any other frequency may be 
plotted as a vector quantity, OP in Fig. 9.9, having both magnitude and phase. At 
resonance, when the frequency is/ , it becomes OP in Fig. 9.9, where OP„ is of unit 
length since A J A is then equal to unity. At any other frequency/, the ratio A /A 
is then given by OP where the point P is fixed by the relation 

length P<P = QUIU -jolf). 
The phase angle is the angle P OP. 
Near resonance, when / is nearly equal to /„, this may be approximated by 
length P oP pu 2QAf/f c where Af=f-f a 
so that Af measures the amount of detuning. Thus, near resonance, the length PJP 
is nearly proportional to the amount of detuning. 



FIG. 9.? 




FIG. 9. 10 




V GAIN AT RESONANCE 
A= GAIN AT f .J 

*o= RESONANT FREQUENCY | 
2Trf L I 
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OP .£ 
2QY 
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OT. r X r I 
Vl+K*Q* | 



OX" 
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(ii) Two identical coupled tuned circuits 

It is found that when two identical tuned circuits are coupled, either by some com- 
mon reactance in the circuit or by mutual inductance, the locus of the point P is the 
parabola 

x 2 = (y + 1)4/(1 + k*Q*). 
This parabola is shown in Fig. 9.10 where OP again represents A . To use this 
graph to determine the gain, we first compute the quantity OX = 2Q Y/(l + £ a O,*), 
then from X draw a line perpendicular to OX to cut the curve at P. The line OP 
represents the gain (A /A) while P OP is the phase angle. 

The form of the parabola depends upon the magnitude of kQ. It is found that 
when OT < s/2, corresponding to kQ > 1, there are two frequencies of maximum 
gain as shown by the two vectors marked OP' in Fig. 9.10. When the attenuation 
is plotted against Af 0) as in Fig. 9.11, it becomes clear that a much flatter top may be 
obtained by using coupled pairs of circuits than by using single tuned circuits. Fig. 
9.11 serves also to show the variation in band width with variations of OT (i.e. changes 
of kQ). It will be seen that the shape of the skirt of the curve is practically inde- 
pendent of the value of kQ. 

See also Sect. 11 Summary of Formulae. 
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SECTION 8 : COUPLING OF CIRCUITS 

(0 Mutual inductive coupling («) Miscellaneous methods of coupling (Hi) Complex 
coupling. 

(i) Mutual inductive coupling 

As already emphasized, when the mutual inductive coupling between two tuned 
circuits is increased above a critical value, k t , two peaks appear in the response curve, 
symmetrically situated with regard to the resonant frequency /„. No other types of 
coupling possess this useful property. Where optimum gain and selectivity are 
required it can be shown that these will be obtained with a coupling about 80 per cent 
of the critical value — (Ref. C45). Greater selectivity can be achieved with less coup- 
ling than this value while increased gain will result from tighter coupling. 

When the highest possible selectivity without serious loss of gain is desired 
from a pair of tuned coupled circuits, a practical compromise is to reduce coupling 
to 0.5 k c at which value the gain is 0.8 times the optimum. The selectivity then 
approaches that which would be obtained by separating the two circuits with a valve 
(assuming this be done without altering Q' and Q 2 ). For other relationships between 
gain and selectivity, refer to Reed (Ref. CI) or to Aiken (Ref. C2). 

(ii) Miscellaneous methods of coupling 

There are other types of coupling which may be used between tuned circuits as 
alternatives to mutual inductance. Four such circuits are shown in Figs. 9.12, 9.13, 
9.14 and 9.15. High impedance or " top " coupling is used in the circuits shown 
in Figures 9.12 and 9.13 and low impedance, or " bottom " coupling, is used in the 
circuits of Figures 9.14 and 9.15 



FIG.9.12 




FIG. 9.. 3 Lm 









* C„ 


Fig. 9.12. High impe- 
dance capacitive coup- 
ling. 


Fig. 9.13. High impe- 
dance inductive coup- 
ling. 


Fig. 9.14. Low 
impedance capa- 
citive coupling. 



A fifth type is link coupling shown in Fig. 9.16A, in which a relatively small 
coupling inductance L x ' is coupled to L x and similarly L 2 ' to L 2 and L x is connected 
directly in series with L 2 '. The behaviour of this circuit is the same as that to be 
described for Fig. 9.15. 

" The coupling between two circuits, from a general point of view, is the relation 
between the possible rate of transfer of energy and the stored energy of the circuits " 
(Ref. C5, Sept. 1932). 

From this definition it follows that for low impedance coupling 

X X 

k = , ?%f ' *" when X x and X 2 ^>X m 

V(x 1 + x n xx 2 + x m ) Vx x x 2 

and that for high impedance coupling 

^ Vx^x, 



k 



-•/■ 



X X X 2 



when X x and X 2 << X % 



(X x + X m )(X 2 + X m ) X„. 

where X m is the coupling reactance and X x and X 2 are the effective reactances of either 
the coils or the condensers* with which the circuits are tuned. 



*X X and X 2 must be of the same " kind " (i.e. either inductive or capacitive) as X t 
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The effective reactances X x and X 2 in the high impedance case are calculated by 
regarding the actual tuning reactances (I^w,, and L 2 m or l/Ci<o and 1/C 2 ai ) as 
being in parallel with the coupling reactance X m ; while in the low impedance case, 
X x and X 2 are calculated by taking X m to be in series with the actual tuning reactances. 





Fig. 9.15. Low 
impedance induc- 
tive coupling. 



K = '. Approx 



Fig. 9.16A. Link coupling. 



Mutual inductive coupling belongs to the low impedance coupling group ; here 

X m — Mco , X t = Z.ift) 0J X 2 = L 2 a) ; so that k = M/v / L 1 L 2J in agreement with 
our previous definition in this particular case. 

For a general analysis of the calculation of coupling coefficients see Chapter 26 
Sect. 4(vii). 

Application of the formulae given above to the circuits shown in Figures 9.12, 9.13, 
9.14, 9.15 and 9.16A give the following results for the coefficient of coupling k : 



Circuit 



k (exact) 



k (approximate) 



Fig. 9.12 



V(C + c m xc 2 + o 



VCQ 



, when C m < (C CO 



Fig. 9.13 



J 



L-J-z 



VLtLz, 



(L x + LJ(L 2 + L m ) 



when L m > {L v Lj) 



Fig. 9.14 



J 



CC 



Vcc 



(C + cocc + o 



-when C m > (C„ CO 



Fig. 9.15 



Vtfa + L m XL 2 + L m ) 



when L m << (L u LO 



Fig. 9.16A 



M X M 2 



J (<-&(<-& 



K>\&% 



Vd - V)(i - ***) 



^ 2 , when individual coup- 
le „,-v/£i£2 lings are small. 



&x&2, when individual coup- 

lings are small. 



AT, 



where L m = L/ + L 2 ', 

*x = /——, and * 2 = ^_^ 
VL 1 L m VL 2 L m 

When the coupling increases above k t for the tuned circuits shown in Figs. 9.12, 
9.13, 9.14, 9.15 and 9.16A, the two peaks in the response curve of the secondary move 
at unequal rates from the original resonant frequency (determined by LxCo),, 8 = 
LiPiUto* = 1). For the first four of these examples in the special case L 2 = Lj, 
C = C and for the fifth generally, one peak remains approximately stationary 
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(at g> ), while the other peak moves to one side : the shift of the semi-stationary 
peak depends upon the series resistances of the two circuits and decreases with them, 
being zero in the ideal case r x = r a = : the second peak is lower in frequency in 
Figs. 9.12 and 9.15, but higher in Figs. 9.13, 9.14 and 9.16A. The selectivity and 
bandwidth (between peaks) may be calculated from the formulae (57) and (55) re- 
spectively — already quoted for transformer coupling — provided the appropriate value 
of k is used. It is theoretically possible, although seldom convenient, to combine 
two types of coupling in equal amounts to give symmetrical separation of the two peaks. 
Normally, when this is required simple mutual inductive coupling is used. 

It may be shown that for all types of coupling the centre frequency is determined 
by the effective reactances obtained by taking the coupling reactance into account. 
Thus, for example, for Fig. 9.15, (L a + L m )C 2 (o e s = 1, where a> e corresponds to 
the frequency of the minimum between the peaks ; while for Fig. 9.16A, 
(L 2 - MS/LJC M »,* = 1. 

(iii) Complex coupling 

With any single type of coupling the gain and the band width vary with the fre- 
quency. Clearly, then, a single type of coupling cannot give satisfactory performance 
in the tuned radio frequency stages of a receiver where the frequency range is two or 
three to one. From the formulae already given it can be seen that for transformer 
coupling both the gain and the band width are approximately proportional to the 
frequency (assuming that Q x and Q t do not vary greatly) ; for other types of simple 
coupling k depends upon the square of the frequency, and hence band width and gain 
are functions of frequency. 






FK5. 9.I6B 



FIC.9.I6C 



Fig. 9.16B. Constant bandwidth using inductive and capacitive coupling. 

Fig. 9.16C. Constant bandwidth using capacitive coupling. 

Fig. 9.16D. Complex coupling with mutual inductive and top capacitive coupling. 



In practice, a reasonably constant band width over the tuning range can be obtained 
by a suitable combination of the types of coupling already described. Two common 
arrangements are shown in Figs. 9.16B and 9.16C. 

For the circuit shown in Fig. 9.16B the coupling reactance X m = u>M + l/wC„ , 
while for that shown in the Fig. 9.16C it is 

1 C„ 



(oC, 



tCiC* 



The corresponding coupling factors are respectively 
, M + 1/««C» 



VIJ7 S 



and kf& 



Vc~c, 



+ 



VC& 



(k < 0.05), 



{k < 0.05). 



Aiken (Ref. C2) gives a practical design procedure for obtaining the values of the com- 
ponents which give the best average results over the whole tuning range. 

When k has been determined, the band width and selectivity may be calculated 
from eqns. (55) and (57) given earlier. Also, for circuits with the same values of Q, 
a suitable value of k is given by kQ = 0.5 — as in the case of transformer coupling — 
when the greatest possible selectivity without notable loss of gain is desired. 
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In Fig. 9.16D there is a combination of mutual inductive coupling and top capacitive 
coupling, as commonly used in aerial and r-f coils, and, effectively, in i-f transformers. 
The analysis is given in Chapter 26 Sect. 4 (vii). 

See also Sect. 11 Summary of Formulae. 



SECTION 9 : RESPONSE OF IDENTICAL AMPLIFIER STAGES 

IN CASCADE 

When two or more amplifier stages having identical circuits and values are con- 
nected in cascade, the overall gain is the product of the gains, and the resultant selec- 
tivity is the product of the selectivities of all the stages. For » stages, therefore, the 
total gain is A" ; the selectivity for single tuned circuits is 

{A/A )« = (1 + Q"y2 ) -n/2 i 
while for coupled pairs 

(_LY = IYi _ Q2y2 V 4. ( 2QY Y1"" /2 

\A ) W 1 + WQ 2 ) + VI + k 2 Q 2 J J 
When k 2 Q 2 is very small, the selectivity of n coupled pairs is almost the same as 
that of 2» single tuned circuits. Thus there is a limit to the improvement of selec- 
tivity obtained by reduction of the coupling of coupled pairs of tuned circuits. When 
it is possible to increase Q, there is a corresponding improvement in selectivity. The 
tendency with several stages of single tuned circuits is to produce a very sharp peak 
at the centre frequency, which may seriously attenuate the higher audio frequencies 
of a modulated signal. Conditions are much better with coupled pairs, because two 
peaks with small separation appear as Q is increased, if the coupling is not too close. 
Difficulties occur when Q is increased so much that a deep " valley " or trough occurs 
between the peaks. The practical limit is usually a ratio of 1 : 1.5 overall gain be- 
tween the response at the bottom of the valley and that at the two peaks. It is then 
good practice to add another stage employing a single tuned circuit which substan- 
tially removes the " valley " of the preceding circuits. The procedure by which the 
best results may be obtained is described by Ho-Shou Loh (Ref. C13). In this 
manner a nearly flat response may be obtained over a range of frequencies 10 Kc/s 
to 20 Kc/s wide, with very sharp cfiscrimination against frequencies 20 Kc/s or more 
away from the centre frequency, 450 to 460 Kc/s. 
See also Sect. 11 Summary of Formulae. 



SECTION 10 : UNIVERSAL SELECTIVITY CURVES 

In Figs. 9.17 and 9.18 are shown universal selectivity curves taken from Maynard's 
data (Ref. D2). These curves apply to a pair of coupled tuned circuits, and are not 
restricted to circuits of equal Q. Fig. 9.17 gives the gain at various frequencies off 
the centre frequency in terms of the gain at the centre frequency, for various co- 
efficients of coupling ; the ordinate scale D is proportional to QAf /f . The Q shown 
in Figs. 9.17 and 9.18 is Q % for all expressions containing a and b. 

The phase difference between the currents in the primary and secondary circuits 
can readily be obtained from Fig. 9.18. There we have plotted an angle 6 as a func- 
tion of D for various coefficients of coupling, and the phase shift is ± 90°, the 
positive sign being taken when the coupling is negative, and the negative sign when 
k is positive. 

The parameter b, which is a measure of the coupling, becomes simply k/k e when 
the tuned circuits have equal values of Q ; also, in this case, the variable D becomes 
simply 2QAf /f . For convenience, scales have been added to give A /A in terms of 
Q Af for a number of values of f for two identical coupled circuits. 

In deriving the curves of Figs. 9.17 and 9.18 it was assumed that Q and k do not 
vary appreciably over the range considered, thus giving symmetrical selectivity curves ; 
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and that Q is reasonably high 
(> 25 say). Very low values of 
Q require a different curve for 
each value, but the effect is only 
to alter slightly the skirts of the 
curves without altering appreci- 
ably the main portions. 

As an illustration of the use of 
Fig. 9.17 consider the example 
/ - 1000 Kc/s, Qi=Qi = 200, 
k/k e = 2 = b : we see that the 
peak occurs at Q4/o ^ 800, i.e. 
J/ = 4 Kc/s, and that the gain 
in the valley compared with the 
gain at the peak = 0.8 ; these 
results agree well with those 
calculated from the formulae 
already given, namely 




UNIVERSAL SELECTIVITY CURVES TOR 
TWO COUPLED CIRCUITS 



Band width is : f Vk* - k e * tv 8.6 Kc/s. 
Ratio of gain in valley to that at peak is : 
2k/ k e 2b__ _ 4 

i + (k/k c y ~ i + b* ~ 5 " 

Phase change at J/ = (+) 4 Kc/s : (from Fig. 9.18) phase change «a 20 ± 90°. 

In conclusion, we give the selectivity curves of Fig. 9.19 to illustrate some of our 
remarks in preceding sections. These curves have been derived from those of 
Fig. 9.17, but here the abscissa is A ovi /A, where A opt is the gain at the centre fre- 
quency where k = k c . 

These curves are for the case of two identical coupled circuits ; they show how the 
maximum gain, band width and depth of the valley between peaks vary with the 
ratio k/k e . 

In all expressions using a, the Q mentioned is the secondary Q, namely Q s . 




004 0-1 0-2 0-3. 0-5 0-7 1-0 Q 2 3 4 5678 10 

FIG. 9-18 UNIVERSAL PHASE SHIFT CURVES FOR 
TWO COUPLED CIRCUITS 
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SECTION 11 : SUMMARY OF FORMULAE FOR TUNED 

CIRCUITS 

(1) NOMENCLATURE 

L = inductance (in henrys unless otherwise stated) 
C = capacitance (in farads unless otherwise stated) 
f — resonant frequency (in cycles per second unless otherwise stated) 
/„ = natural resonant frequency (in cycles per second unless otherwise stated) 
/ = frequency (in cycles /sec. unless otherwise stated) 
Af = f — fo (hi cycles/sec.) 
Y = (///„-/„//) 
ir = 3.1416 approximately 
k = coefficient of coupling 

<a = 2irf, ca = 2irf 01 eo n = 2irf n radians per second 
r = series resistance (in ohms) 

r' = resistance of a series resonant circuit at resonance (in ohms) 
R = shunt resistance (in ohms) 
R e = effective shunt resistance of a parallel resonant circuit at resonance when 

R = oo (in ohms) 
R D = resonant impedance (in ohms) 
e = voltage across the circuit at a time t 
E = initial voltage of charged condenser 
e = 2.718 (e is the base of Naperian Logarithms) 
t — time (in seconds) 
a. = damping factor 
8 = logarithmic decrement 
A == wavelength in metres 
i = current at frequency / (in amperes) 
i = current at resonant frequency f 
A = gain at frequency / 
A — gain at frequency /„ 
Q = magnification factor. 




o 
04I0 

'o 
Selectivity Curves for Two Identical Coupled Circuits, 

Showing the Variation in Maximum Gain, 
Band Width and Depth of Volley with I^Kc 
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(2) NATURAL RESONANT FREQUENCY (/„) 
Exact formula 

f » = LJic " h cydc8 per second (1) 

Approximate formula for use when r is small compared with 2\/L/C : — 

f % .f*tf, = T—=c/s. (2) 

2n VLC 
For numerical use this may be put in the form 
159 200 , 

fn^afo — , c/s, where L is in microhenrys (3) 

VLC and C is in microfarads ; 

159 200 , 
or / „ «^ Jo = , — Kc/s, where L is in microhenrys (4) 

V LC gold C is in micromicrofarads. 

(3) WAVELENGTH (A) 

Wavelength (in metres) = 1884\/z,C, (5) 

where L is in microhenrys and C is in microfarads. 

Wavelength x frequency = 2.9979 x 10 8 metres per second (6) 

aa 3 x 10 8 metres per second. 

Note : Equations (5) and (6) are based on the velocity of electromagnetic radiation 

in a vacuum as determined by Dr. Essen and others in 1951 (see Ref. El), 

_. , 300 000 300 

Wavelength & ^- : — =—7- ?w — : — .. . (7) 

frequency m Kc/s frequency in Mc/s ' 

(4) DAMPED OSCILLATIONS 

e — i?e -ae cos a>„t } where a = r/2L (damping factor) (8) 

8 = r/2fJL (logarithmic decrement) (9) 

(5) SERIES RESONANCE 
L, C, and o» : 
For resonance 
LCwf = 1 

cdJL = l/a> Cohms 



r LC radians/second 



taJL = y/L/C ohms 
a) C= Vc/L mhos. 



Lj Cand/„ : 

For resonance (10) 

2-nfJL = l/2irf,C ohms 

LC = 39 43/2 (henrys x farads) 

r „ 2.533° x 10 10 „ 
or LC = 7-^ /*H x /iF 

where L is in microhenrys 
and C is in microfarads. 



Q = cu^/r' - l/r'C«„ (11) 

where r' is the effective series resistance at resonancej 
i.e. r' =r + LC/R 
where r is the series resistance 
and R the parallel resistance. 

Therefore Q = — , *. p = —. — , . . IT>n — (12) 

r + LC/R r/oioL + l/RCa> 

1 1 

~ *> Cr + l/RCu ~ r^/C/L + VL/C/R (13) 

When L/CR< r: Qzv WoL/r sy \/<o Cr. (14) 

Magnification factor (Q) : Ratio of the voltage across either reactance to the 
voltage across the circuit. 

(6) PARALLEL RESONANCE 

1 1 1 

At resonance, u> = -—==. ■ - 7— sa — -=• /•^5 , ) 

Vic Vl + ryu> *L* Vlc U3; 



9.11 SUMMARY OF FORMULAE 425 

Q = Rd/cjJL = R D «> C, (16) 

where R D , lie resonant impedance, is the effective shunt resistance of the circuit at 
resonance, 
and 1/flj, = 1/1? + Cr/L. 

Therefore Q = — ;= , — etc., as in (12), (13) above. 

Wc/l + VT/C/R 
When R is infinite (i.e. no shunt resistance), 

R D = R e = L/Cr = Q/w C = a>JLQ = Q 2 r. (17) 

Magnification factor 

Ratio of total circulating current to input current = Q (18) 

(7) SELECTIVITY 

(a) Series Resonant Circuit 

iji = AJA = Vl + QWfo -fo/f) 2 = Vl + Q 2 Y*. (19) 

tan <f> = QY = QAfJf. . \ + ^' ; (20) 

i lags behind i when/ > f 0) and leads i when/ < /<,. 

When Afj f is smaU, 
iji & Vl + 4Q a (J/ // ) 2 , (21) 

and tan 4> «* 2QAfJf . (22) 

When iji is large, iji & QY. (23) 

(b) Parallel Resonant Circuit 



A J A = Rn/Z - i/io = Vl + Q 2 Y 2 (24) 

tan <f> = - QY ; (25) 

where * and i are the total currents ; 

i leads i„ when/ >■/„ and lags behind i when/ < /„. 

When Af /f < 1, i/i f* Vl + 4QM/ V/o 2 - (26) 

and tan <f> sy - 2 QAfJf . (27) 

When i*/z > 1, *'/*„ s* QY. (28) 

(8) R-F TRANSFORMER, UNTUNED PRIMARY, TUNED SECONDARY 
When the primary impedance can be neglected, 

8m Sm 



Gain A, 



M 1 

rv L 2 + C0JMQ2 kR 



— Ih + L lb, 

r dsJ Lj + r^j L 2 



(29) 



The gain may be expressed in a number of alternative forms, for example, 
IlwqMQz [io>oM.Q z 

A °~ {o>M?Qi~ , °>o % M* (30) 

r P + r, + — 

o>oLz r 

where r is the series resistance of the secondary. 

In the special case where w 2 Af 2 /r<< r P) we have 

A ^i g m w MQ 2 . (31) 

Selectivity 

To determine selectivity, the effect of the resistance reflected into the secondary 
should be taken into account when its value a) 2 M 2 /r I> > 5% of r. The effective 
series resistance r' is r + <o 2 M 2 /r P ; so that the effective value of Q 2 , Q 2 say, is 

1 
Q 2 ' = WoLJr' = - p • (32) 

Qr + ^- WoLi 

The selectivity is then obtained from 

A I A = Vl + Q 2 2 Y\ , (33) 
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(9) R.F. TRANSFORMER, TUNED PRIMARY, TUNED SECONDARY 

Gain 

The gain at resonance (A,) is 

Ao = SnVKR: ^ 3 (34) 

VQ^ + Xy^; 

where \/R' = 1/r, + 1/Rj. and 1/Q' = L ia > /R' =_w L l /r P + 1/Q,. 

Maximum gain occurs when k = k c = 1/VQ'Qv the critical coupling co- 
efficient, and is given by 

,4. (max.) =g m VR'Ri/2. (35) 

Also, when k = k c /2, the value of A is approximately 0.8 of A (max.). 
Identical circuits (L x = L 2 , C x = C 2 , i?' = 2? 2 = R, Q' = Q 2 = Q) 

Critical Coupling : k e = 1/Q. (36) 

Maximum gain (at resonance) = g m R/2. (37) 

= half gain of a single tuned circuit. 
Band width between peaks (f t and / 2 ), 

if 2 - fi)/fo = Vk* - k e K (38) 

Selectivity 

A - /A - J L 1 - rffe] * + [rwJ * (39) 

Gain at peaks, / 2 and/ a , is very closely equal to the optimum value A (max.). 
Circuits of unequal Q 
Transitional coupling factor, k t> is 

k t = VKVQ' 2 + l/Q*'). (40) 

Band width between peaks is 

(/. -/i)//. =V*« - *«». (41) 

Selectivity 

^^ /fi- Q,Q * y2 T + r ^v^or y ( 42) 

When k*Q* > 1 and J/.//. < 1, 

^./04 ^ Vl - SAfoVfok*. (43) 

(10) COUPLING COEFFICIENTS 

High impedance coupling* 

C m 
k ss . = for capacitive coupling (Fig. 9.12) (44) 

VfiC, 

VL1L2 

= — for inductive coupling (Fig. 9.13) (45) 

where C m = coupling capacitance and L m = coupling inductance. 
Low impedance coupling* 

VcTcT 

k fin — 7; — for capacitive coupling (Fig. 9.14) (46) 

L m 

for inductive coupling (Fig. 9.15) (47) 



where C m = coupling capacitance and L m = coupling inductance. 
Link coupling 41 

• M ^ (Fig. 9.16A), (48) 



L m y/L X L, 

where M x = mutual inductance between L x and L 
and M 2 = mutual inductance between L 2 and L m . 



* For exact values see table in Section 8. 
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SECTION 1 : SINGLE LAYER COILS OR SOLENOIDS 

(*) Current-sheet inductance («) Solenoid wound with spaced round wires (iii) 
Approximate formulae (iv) Design of single layer solenoids (v) Magnitude of the 
difference between L s and L„ (vi) Curves for determination of the " current sheet " 
inductance (vii) Effect of concentric, non-magnetic screen. 

(i) Current-sheet inductance 

For the ideal case of a very long solenoid wound with extremely thin tape having 
turns separated by infinitely thin insulation we have the well-known formula for the 
low frequency inductance which is called the " current-sheet inductance " L 3 : 

L, = 4irN 2 A'/l electromagnetic units (1) 

where N is the total number of turns, ^4' is the cross-sectional area in cm. 2 and / is 
the length in cm. This result for L, may be expressed also as 

L s = 0.100 28a 2 iV 2 // microhenrys (2) 

when / is measured in inches, and a is the radius of coil, also in inches. 

For solenoids of moderate length — more precisely, for those for which a/l is not 
small compared with unity — there is an end-correction, and we find that 

L B = (0.100 28a*N 2 /l)K, (3) 

where K is a function of a/l, which approaches unity as a/l tends to zero. Values 
of K, computed by Nagaoka (Bulletin, Bureau of Standards, 8, p. 224, 1912), are 
shown by the curves in Fig. 10.1. 

The concept of current sheet inductance is introduced because such (theoretical) 
inductances can be calculated with high precision, and the formulae used in practical 
cases can be derived from these results by making approximate allowances for the 
deviations from the ideal case. In many cases these deviations are less than 1%. 
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(ii) SOLENOID WITH SPACED ROUND WIRES 
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(ii) Solenoid wound with spaced, round wires 

The low frequency inductance, L , of an actual solenoid wound with round wire 
is obtained from the equivalent cylindrical current-sheet inductance L a by introducing 
two correction terms, thus : 

L„ == L, - 0.0319aN(A + B) microhenrys, (4) 

where a is the radius of the coil, in inches, measured to the centre of the wire, A is a 
constant taking into account the difference in self-inductance of a turn of wire from 
that of a turn of the current sheet, and B depends on the difference in mutual induct- 
ance of the turns of the coil from that of the turns of the current sheet. The quantity 
A is a function of the ratio of wire diameter to pitch, and B depends only on the total 
number of turns, N. Values of A and B are shown by means of curves in Fig. 10.2. 
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This formula for L , together with the values of A and B, have been taken from the 
above quoted Bulletin of the Bureau of Standards. The value thus obtained for L 
is given as correct to one part in a thousand. 

The equation given above for L can be expressed in the alternative forms : 




Fig. 10.2. Constants A and B as used in the formula for the correction of " current 
sheet "formulae for application to round wire with spaced turns {eqn. 4). 
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*• = 4 1 - l ^r\ = 4 1 - £t<A + «] 



(5) 



where P, the pitch of the winding in inches, is equal to l/N. 

As an example of the use of these formulae and curves, let us consider the following 
case : a coil of 400 turns of round wire of bare diameter D = 0.05 inch, is wound 
with a pitch of 10 turns per inch, on a form of such a diameter that the mean radius 
to the centre of the wire is 10 inches. Then, 

a = 10, / = NP = 40, N = 400, P = 0.1, D/P = 0.5. 
The value of K corresponding to 2a// = 0.5 is 0.8181 from Fig. 10.1. Therefore, 
L, = 0.10028 (400) 2 x (100/40) x 0.8181 
= 32 815 microhenrys. 
From Fig. 10.2 with D/P = 0.5, N = 400, 
A = - 0.136 
B = 0.335 



Therefore A + B = 0.199. 

The correction is, therefore, 0.0319 X 10 x 400 (0.199) 

= 25.4 microhenrys. 
The total inductance L = 32 815 — 25 = 32 790 microhenrys, and the error which 
would be introduced by calculating as a current sheet inductance is less than 0.( 



(iii) Approximate formulae 

In many instances it is not necessary to calculate L to the accuracy given by the 
expression above. There are available a number of approximate formulae suitable 
for slide-rule computation. For example : 

A fin 2.3 log 10 1.7 5 (6) 

where 5 = D/P, i.e. the ratio of wire diameter to pitch, with an accuracy of 1% 
for all values of 5. 

B & 0.336 [1 - (25/N + 3.8/N*)] (7) 

accurate to 1% when N exceeds four turns. 

(a) Wheeler's Formula 

L '~ 9a + 10r' (8) 

This expression is accurate to 1% for all values of 2a// less than 3. Wheeler's formula 
gives a result about 4% low when 2a// = 5. 

(b) Approximate expression based on a value of K given by Esnault-Pelterie 

aW 8 

This expression is accurate to 0.1% for all values of 2a// between 0.2 and 1.5. 

(c) For solenoids whose length is small compared with the diameter 

L " ~ [9 - (a/5/)] a + 10/ (10) 

which is accurate to 2% for all values of 2a// up to 20. The error approaches + 2% 
when d/l — 2.0 to 3.5 and at d/l = 20. The error approaches — 2% in the range 
d/l = 10 to 12. 

Let us apply Wheeler's and Esnault-Pelterie's formulae to the solenoid already 
considered, namely : 

a = 10 in., / = 40 in., N = 400. 

10 2 X400 2 
Wheeler's formula gives L, = --. , Anr . = 32 650 microhenrys. 

yu -)- 4uu 

Esnault-Pelterie's formula yields 

10 2 x 400 2 
L s = 0.1008 = 32 790 microhenrys. 

These results agree, within the stated limits, with the value 32 815 obtained pre- 
viously. 



1/2 / J2 U 

L, = 0.004 50 ■" -j= \K j- ) microhenrys (11) 
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(iv) Design of single layer solenoids 

The difference between L 3 and L is usually less than 1%. Design formulae are 
based on L„ as this is easier to compute, and then the correction is estimated. 

Two of the many possible formulae are given in the Bureau of Standards Circular 
74 (Ref. 2). 

(A) Where it is required to design a coil which shall have a certain induct- 
ance with a given length of wire, the dimensions of the winding and the kind 
of wire being unrestricted within broad limits. This design problem includes 
a consideration of the question as to what shape of coil will give the required inductance 
with the minimum resistance. 

We have the relations : 
U = 0.100 28a 2 N 2 K/l from (3), 
/ = NP, A = 2naN, 
where A is the length of wire. Elirninating N gives 
A*/V __ lla\ 

Vp 

This gives the inductance in terms of the length of wire, the pitch P, and the shape 
2a//, as K is a function of 2a//. 

From the graph of the quantity KV 'la II against 2a/ 1, its maximum value is found 
to occur at 2a jl = 2.46. Thus, for a given length of wire, wound with a given 
pitch, that coil has the greatest inductance, which has a shape d/l = 2.46 
approximately ; or to obtain a coil of a required inductance, with a minimum re- 
sistance, this relation should be realized. Further, the inductance diminishes rapidly 
for coils longer than this optimum value, but decreases only slowly for shorter coils. 

The optimum value of d/l can also be obtained roughly from the approximate 
expression for K : 

K = 1/(1 + 0.45 d/l). 
Therefore Cd/l) 0J)t = (1/0.45) = 2.2 approximately (12) 

(B) Given the diameter of the coil, the pitch and inductance, to determine 
the length of the coil. 

A suitable form of the equation is obtained by substituting for N its value l/P in 

the formula : 

L, = 0.100 28 aW K/l from (2) ; 

we find : 

L s = 0.200 56 (a*/P 2 XKl/2a) (13) 

^ 0.200 (a 3 /P*)f (14) 

where/ = K(J/2a). The quantity/, clearly a function of 2a//, is shown by the curve 

in Fig. 10.3. 

For example, supposing we require a coil of 200 microhenrys to be wound on a 

former of 1 inch diameter, let us determine the length of the coil for a pitch of 0.02 

inch. 

From the equation, 

, 200 x (0.02) 2 

f = — =3.2. 

J 0.200 X (0.5) 3 

Then, from Fig. 10.3, the value of 2a// corresponding to / = 3.2 is 0.28. Hence 

the length of -the coil is 

/ = 2a/0.28 = 1/0.28 = 3.6 inches. 

The number of turns required would be : 

N =l/P = 3.6/0.02 = 180 turns. 

The length of wire needed would be : 

A = 2-uaN = 77I8O = 565.5 inches. 

When the calculated length is too long, the turns per inch should be increased. 

Let us consider the effect of using 100 T.P.I. in the above example : 

200 x (0.01) 2 

* ~ 0.200 x (0.5) 3 ~ 
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FIG. 10.3 
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Fij'. 10.3. Variation off and log 10 f with (2a/ 1). Curves derived from U.S. Dept. of 
Commerce Circular C74 " Radio instruments and measurements ". 

From Fig. 10.3, we see that the value of 2a// is 0.9, and hence 

/ = 1/0.9 = 1.1 inches. 
Formula for determining the coil length when the coil diameter and winding 
pitch are known for coils such that d < 31. 

As an alternative to the use of Fig. 10.3, we derive a simple result for solenoids such 
that 2a// < 3. Here we have 

Ksv 1/[1 +0.45 (2a//)] (15) 

/ / 1 

Hence,/ = K 



2a 2a 1 + 0.45 (2a//) 



(16) 
(17) 



Therefore, 0.9(2a//) = - 1 + Vl + 1.8// 
Thus, in the first case above, where / == 3.2, 

0.9(2a//) = - 1 + Vl + 1-8/3.2 = 0.25, 

and 2a// = 0.25/0.9 = 0.28 ; 
for the second cas e, where / = 0.8, 

0.9(2a//) = Vl +(1.8/0.8) - 1 = 0.803, 

and 2a// = 0.803/0.9 = 0.89. 
These values agree well with those above. 

The limitation 2a// < 3 is equivalent to / < 0.14. 

Eqn. (14) for L, is suitable too when the former diameter and coil length have been 
decided. For example, suppose we require a coil of inductance 500 microhenrys 
on a former of diameter 2 inches, and having a coil length of 2 inches. 
Then, from equation (14) 

L, - 0.200(a 3 /P«) •/, (18) 

we have 

P = V(0.200a 3 .f)/L, (19) 

Here a = 1, L, = 500,/ = Kl/2a = 0.688. 
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Therefore, 

P = V0.200 x 0.688/500 = 0.0167 inch, 
equivalent to 60 T.P.I. 

Simple procedure for computing the length and total turns when the coil 
diameter and pitch of winding are known for coils such that d < 31. 

Substituting in equation (17), 

0.9(2a//) = - 1 + Vl + 1.8//, 

where/ = 5L s P 2 /a 3 = 5L s /n 2 a 3 , n being T.P.I. 

Putting F = 1.8// and y = 0.9(2a//), 

we obtain 

y = - 1 + Vl +F, (20) 

where F = 0.36n 2 a 3 /L s , 
and / = 1.8a/y. 

As an example, let us consider a coil of 2 inches diameter, wound with 33 T.P.I. 
of required inductance 380 microhenrys. 

(a) F = 0.36» 2 a 3 / L 8 = 0. 36 X 33 2 x 17380 = 1.031 

(b) y = - 1 + Vl + P = - 1 + V2.031 =0.426 

(c) / = 1.8a/v = 1.8/0.426 = 4.23 inches 

(d) N = nl = 33 x 4.23 = 139J turns. 

Another method applicable to the same type of problem is due to Hayman. 
From Wheeler's formula (equation 8) : 
a 2 N 2 
*" ~ 9a + 10/ 
the length / is eliminated by the substitution / = N/n, n being the turns per inch ; 
st-.a i-T-i^n -jjj^ resulting expression is solved for N 3 yielding : 

5LS I 0.36a 3 nn 

*\}+*J l + —Lr\ (21) 

For convenience in computation, the quantity x = 5/na 2 is introduced, so that 
finally 

N = xL,[l + Vl + (9/ax 2 L g )] f (22) 

As an example, we take the same problem as above, namely, a = "& inches, n = 33, 
L, = 380 microhenrys. The procedure is as follows : 

(a) x = 5/na* = 5/(33 X 1) = 0.151, 

(b) x 2 = 0.0227, 

(c) 9/ax*L s = 9/(1 X 0.02 27 x 3 80 = 1.042, 

(d) N = 380 X 0.151 X (V2.042 + 1) = 139 turns, 

(e) / = N/n = 139/33 = 4.2 inches. 

(C) Given the diameter and length of coil, value of capacitance and fre- 
quency of resonance, to determine the number of turns. 
See Chapter 38 Sect. 9(v)B. 

(v) Magnitude of the difference between L s and L 

In Sect. l(iv) it was stated that in many practical cases the difference between 
L s and L is less than 1 per cent. Here, we examine briefly the necessary conditions 
for this difference to be small. 
A formula given in Sect, l(ii) for L , namely : 

L . = L,[l - P(A + B)/naK] from equation (5) 
is in a useful form ; clearly the ratio of P{A + B)/TraK to unity determines the order 
of the difference between L s and L . From the curves of Fig. 10.2, A = + 0.5 
for P/D = 0.95 and decreases steadily to — 0.7 for P/D = 0.25, while B = 0.114 
at N = 2 and 0.336 at N = 1000, and remains approximately constant for higher 
values of N. Hence, for coils having P/D between 0.95 and 0.25 — as most have — 
the value of {A + B) is less than 0.83 ; i.e. 

P(A + B)/-naK < (P/a) x (0.26/JQ. 
Thus, when (2a//) = d/l <\>K> 0.82, so that P{A + B)/naK < 0.32 P/a. 
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The correction is less than 1% when P/a < 0.03. 
Similarly, for 2a/ 1 < 1, K > 0.69 5 and the correction is less than 1% when P/a < 
0.026. Corresponding results for 2a/l < 5 and 2a/l < 10 are P/a < 0.012 and 
P/a < 0.0078. 

In the table opposite are given some examples of the minimum turns per inch, «, 
for a number of coil diameters required to make the difference between L, and 
L less than 1% ; 




•3 «4 -5 «6 «6 i 

LENGTH C*v COIL IN INCHES' 



Fig, 10.4. Curves for the determination of Current Sheet Inductance (L s ) for small 
solenoids, plotted against length of coil (J). For other pitches refer to Fig. 10.5. 
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d = 5 


d = 2 


<*= 1 


d=\ 


inches 


inches 


inch 


inch 


13 


33 


66 


132 


16 


40 


80 


160 


32 


80 


160 


320 


52 


130 


260 


520 



Minimum turns per inch, n for 

/ Coil diameter \ 

\ length / 

not exceeding 

0.5 

1 

5 

10 

In many practical cases the ratio of pitch to wire diameter lies between 0.8 and 0.95 
in which range A — 0.4 + 0.1 ; and N, the number of turns, exceeds 10, so that 
B = 0.3 ± 0.035. In such cases A + B = 0.7 ± 0.135. Hence, from eqn. (4) : 

L = L, - 0.0319aN(A + B), 
we have, under such conditions, 

L f& L s - 0.0223aN, (23) 

with an error not exceeding 20% of 0.0223a2ST ; and thus in many cases not exceed- 
ing 0.2% of L . 

(vi) Curves for determination of the " current sheet " inductance 
(A) Method of using the curves 

Figure 10.4 applies to a winding pitch of 10 turns per inch only ; for any other 
pitch the inductance scale must be multiplied by a factor, which is easily determined 
from Fig. 10.5. The diameter of a coil is considered to be twice the distance from 
coil axis to centre of the wire. 
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TURNS PER INCH 
Fig. 10.5. Winding pitch correction for Fig. 10.4. 
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(B) To design a coil having required "current sheet" inductance 

Determine a suitable diameter and length, and from Fig. 10.4 read off the " current 
sheet " inductance for a pitch of 10 T.P.I. The required inductance may then be 
obtained by varying the number of turns per inch. The correct number of turns 
may be found by calculating the ratio of the required inductance to that read from 
Fig. 10.4 and referring it to Fig. 10.5 which will give the required turns per inch. 

Alternatively if the wire is to be wound with a certain pitch, a conversion factor 
for that pitch may first be obtained from Fig. 10.5, and the required inductance 
divided by that factor. The resultant figure of inductance is then applied to Fig. 10.4 
and suitable values of diameter and length determined. 

(C) To find the " current sheet " inductance of a coil of known dimensions 

Knowing the diameter and length, determine from Fig. 10.4 the inductance for a 
pitch of 10 T.P.I. Then from Fig. 10.5 determine the factor for the particular pitch 
used, and multiply the previously determined value of inductance by this factor. 

(vii) Effect of concentric, non-magnetic screen 

A shield surrounding a coil acts as a short-circuited turn coupled to the coil and 
reflects an impedance into the coil. The value of this reflected impedance is given 
by the expression M 2 w 2 /Z t , where M is the mutual inductance between the coil and 
the shield, and Z t is the impedance of the shield. In practice, the resistance of the 
screen may be neglected, so that the effective impedance of the coil Z/, is 

Z c ' =r„+ ja>L + M*co*/jwL t (24) 

where r and L are the resistance and the inductance of the coil in the absence of 
the shield, and L t is the inductance of the shield. The expression for Z/ may be 
put in the forms : 

ZJ = r + jw(L - M 2 /L t ), (25a) 

= r +/«(1 - M 2 /L L t ), (25b) 

= r +jwL ' (25c) 

= r +ja>L B (l - k 2 ): (25d) 

where L „' is the effective inductance of the enclosed coil, and k is the coefficient of 

coupling between the coil and the can. The presence of the shield thus lowers the 

effective inductance, and we have 

LJ = L„(l - k 2 ), (26a) 

or (L - L ')/L = k 2 (26b) 

It has not proved possible to obtain a simple, accurate formula for the apparent 
decreases in inductance of a shielded coil, but various estimates have been made by 
Hayman, Kaden, Davidson and Simmonds, Bogle and others (see bibliography). 
Here we review briefly some of the published work. 

(A) H. Kaden (Electrishe Nachrichten Tecknik, July, 1933, p. 277) 

Kaden first showed that the shape of the shield is not important. Then, in his 
theoretical treatment, he replaced the actual solenoid in the concentric cylindrical 
shield by a magnetic dipole placed at the centre of a spherical screen ; the dipole 
having the same magnetic moment as the solenoid and the spherical screen a radius 
equal to the geometrical mean of the three dimensions of the cylinder. In this way 
he obtained an expression for the relative decrease in inductance of the solenoid. 

L - L n ' 2V c x 

L7~ = 3V t k' (27 > 

where V e is the volume of the coil, V t is the volume of the shield, K is Nagaoka's 
constant, and a is a constant which depends upon the permeability and the shield 
and the dimensions. When the shielding is effective and the shield is non-magnetic, 
a is approximately 1 and then : 

L e - L ' _2^1_ 

L ™3V t K (28) 
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(B) C. F. Davidson and J. C. Simmonds (Ref. 41) 

Following Kaden, these authors also considered the case of a spherical screen. 
Here the solenoid was taken to consist of a small number of closely spaced circular 
turns placed at the centre of the sphere. The change in inductance was found to be 

L - L ' = 0.1 aN\a/by .f(a/b), (29) 

where a is the coil radius, N is the number of turns, b is the shield radius and f(a/b) 
is a function of (a/b). This function / is approximately 0.5 for values of (a/b) > 0.5, 
and it increases to 0.73 at (a/b) = 0.9. Thus, for values of (a/b) < 0.5, we have : 

L - L ' *s (0.05 aN 2 )(a/b) 3 , ' (30) 

in agreement with Kaden's result. The authors point out that their formula holds 
only for very short solenoids ; they indicate how the change in inductance of long 
solenoids in spherical screens may be calculated, but it is clear that no simple formula 
can be thus obtained. 

(C) R.C.A. Application Note No. 48 (June, 1935) 

In this Application Note (Ref. 48) curves are given for k 2 in the case of a concentric 
cylindrical shield whose length exceeds the coil length by at least the radius of the coil. 
These curves (Fig. 10.6) show k 2 as a function of the ratio coil length to coil diameter 
(//2a) for various values of the ratio coil radius to shield radius ranging from 0.2 to 
0.9. It is stated that these values of k 2 have been calculated and also verified experi- 
mentally. The shields are not closed at the ends, but see (D) below. 

It is stated that these curves may also be used for cans of square cross-section by 
taking A as 0.6 of one side of the can. 

(D) A. G. Bogle (Ref. 45) 

Bogle obtains an approximate theoretical formula for the effective change in in- 
ductance, valid in a restricted range, and then, from measurements of L ', he derives 
an empirical expression which is of the same form as the theoretical formula, but which 
gives good results over a wide range. 

For a coil inside a concentric cylindrical shield, Bogle's expression is : 



T = 1 + 1.55g/l 



©' 



(31) 



where b is the shield radius, and g = b — a, the distance between the coil and the 
shield. It is assumed that the shield length / ( is not less than I + 2g. An accuracy 
of 2% over a wide practical range is claimed for this simple result. 

An investigation of this expression shows that it is useful in almost all practical 
cases, the only restriction being the non-stringent one that the length of the coil must 
not be very much less than the distance between the coil and the shield, i.e. g/l > 1. 
For very long coils this formula shows that 

(L - L ')/L = a 2 /b 2 
in agreement with theoretical expectations. It is in accord, too, with the R.C.A. 
curves for k 2 in that the proportional change in inductance depends upon the two ratios 
a/b and l/a, as can be seen by writing the formula in the form : 

L - L ' 1 f-Y. 



L ° 1 + 1.55i 



C-0 

Bogle showed also that when l t > I + 2g the effect on L ' of closing the ends of 
the shield is negligible. He investigated the effect of eccentricity of the coil, of ellip- 
ticity of the screening tube, and of small axial displacements in a closed screen ; and 
found that in practice these would not need to be taken into account. 

Sowerby has published data charts (Ref. 44) calculated from Bogle's formula. 

(E) W. G. Hayman (Ref. 51) 

Hayman gives an empirical formula for coils in concentric cylindrical cans : 
(L - L ')/L = (a/by, (32) 

provided l t >>/. For coils of length 7 > £/« there is an end-correction factor, and 
he gives : 
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(L. - L ')/Lo = (1 - 1/21? (a/by (33) 

It is true that there is fair agreement between Hayman's calculated and measured 
values of L ' for a number of coils j but, nevertheless, the useful range of eqn. (32) 
must be somewhat restricted. 

(F) Where the coil diameter and length are equal, the curves of Fig. 11.13 can be 
used for a shield can with ends. 

It is recommended that either the R.C.A. curves for k s , reproduced in Fig. 
10.6, or Bogle's formula be used. Comparison of the results obtained from these 
curves and from the formula will be found to be in good agreement except for very 
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* FIG. 10.6 

Fig. 10.6. Curves for determination of decrease in inductance produced by a coil shield 
(reprinted by kind permission of Radio Corporation of America). 
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small values of l/g where Bogle's formula should not be used. In the tables below 
comparisons are made in a number of typical cases : 

Table 1 : Comparison between estimates of the percentage reduction in inductance 
caused by a cylindrical screen for various coil shapes when the ratio of coil diameter 
to screen diameter = 0.7. 



l/d 


(L - L ')/L 


gfl 


R.C.A. 


Bogle 


20 


49% 


48.2% 


0.0107 


10 


48% 


47.3% 


0.0215 


5 


46% 


46.0% 


0.0430 


1 


35% 


36.8% 


0.215 


0.2 


20% 


18.3% 


1.075 


0.1 


15% 


11.3% 


2.15 



where / = coil length, d = coil diameterj g = distance between coil and shield. 

Table 2 : Comparison between estimates of the percentage reduction in induct- 
ance caused by a cylindrical screen for various ratios of coil diameter to screen 
diameter. 



a/b 




(L 


- L ')/L c 








l/d 


= 10 


l/d 


= 1 


l/d = 


= 0.2 


R.C.A. 

80% 
48% 
23% 
7.8% 


Bogle 


R.C.A. 

72% 

35% 

13.6% 

3.0% 


Bogle 


R.C.A. 

54% 
20% 
6.7% 
1.4% 


Bogle 


0.9 
0.7 
0.5 
0.3 


80.6% 

47.3% 

23.2% 

v.6% 


74.5% 

36.8% 

14.0% 

3.2% 


56.5% 

18.3% 

5.7% 

0.9% 



where a = coil radius, b = shield radius. 



SECTION 2 : MULTILAYER SOLENOIDS 

(») Formulae for current sheet inductance (u) Correction for insulation thickness 
(m) Approximate formulae (iv) Design of multilayer coils (v) Effect of a concentric 
screen. 

(i) Formulae for current sheet inductance 
(A) Long coils of a few layers 

The Bureau of Standards Circular No. 74 gives a simple formula for the current 
sheet inductance, correct to 0.5% for long solenoids of a few layers ; it is 

j, _ v _ wBwm; + ^ (1) 



/ 



where N 
c 



and 



total number of turns, 
radial depth of winding, 
/ = length of winding 
B, = a tabulated function of l/c 

a = radius of coil to centre of winding, 
L,' = (0.100 28a 2 N 2 /l)K. 
This result may be expressed in the form : 
_ f c(0.693 + BQ -1 
L ' ~ *-' L 1 ~ TTOK A 



(2) 



The quantity B, = for l/c = 1 ; it rises to 0.279 for l/c = 10, and then increases 
very slowly, being 0.322 at l/c = 30. 

(B) Short coils of rectangular cross-section 

The solution of the problem for short coils is based on that for the ideal case of a 
circular coil of rectangular cross section. Such a coil would be closely realized by a 
winding of wire of rectangular cross section, arranged in several layers, with negli- 
gible insulating space between adjacent wires. 
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When the dimensions / and c are small in comparison with a (see Fig. 10.7) the in- 
ductance is given closely by Stephan's formula, whichj for I > c, takes the form : 



L, = 0.03, »*• [2.303(l + JL + £)**. f - * + J&] 

while for I < c, that is for pan-cake coils, the formula becomes : 

L, = 0.031 93aAT 2 r2.303( 1 + — + -^Aog 10 - - y . + ^- 3 1 
L V 32a 2 ^ 96a 2 / 6l V yi ^ 16a 2 J 



(3) 



(4) 



where g' = V c 2 + I 2 and j> 15 3> a and y z are functions of c/l 
which are tabulated in the Bureau of Standards Circular 
No. 74 (p. 285). 

The formulae of this section have been put in the form 
of a family of curves by Maynard (Ref. 33). 



m 



TT 



(ii) Correction for insulation thickness 

Unless the percentage of the cross section occupied by 
the insulation is large the formulae given in Sect. 2(i) 
apply very well to an actual coil. When the spacing P fig. 10.7 

is appreciably greater than the diameter of the wire D a correction term should be 
added to L, to give L . Thus: 

L = L, + 0.073 35aN [log 10 (P/D) + 0.0675] (5) 

(iii) Approximate formulae 
(A) Long coils of a few layers 

For long coils of a few layers l/c > 10 and B f& 0.3, so that we obtain from equation 

CD; 



L, 



or L, 



0.\003a 2 N 2 K 



/ 
a 2 N 2 
9a + 10/ 

9a + 10/ 



L 1 naKJ 

t-iob^ + H; 



caN 2 
lOnl 



(6) 
(7) 
(8) 



(B) Short coils 

For short coils such that both / and c are much less than a, it follows from Stephan's 
formula that : 

L, = 0.073 35aAT 2 |~log 10 / _!JL_- - 0.4343 Vl ] 



IF t 

Vp + 



aN 2 3.6a 

13.5 i/p + c s 

aN 2 4.02a 

i3^ lo *VFT^ 

aN 2 , 4.55a 



/ C 

when - or - lies between 0.35 and 1 
c I 

I c 
when - or 7 lies between 0.15 and 0.35 
c I 

I c 
when - or 7 lies between and 0.15 
c I 



(9) 
(10) 

(11) 
(12) 



These results are accurate to 5% as / and c approach a, and are increasingly accurate 
as / and c decrease compared with a. When l/a and c/a are both very small, it is 
sufficient to use the approximation : 
aN 2 4 

lx * VP + c 2 
for all values of the ratio l/c. 



< 
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(C) Bunet's formula 

Bunet (Ref. 24) gives the following approximate formula applicable to coils whose 
diameters are less than three times their length : 

La ~ 9a + 10/ + 8.4c + 3.2cl/a ( ^ 

The range of usefulness of this formula can be best judged from its accuracy for various 
coil dimensions given below : 

Accuracy 
For c/a = 1/20 1% for (2a//) up to 3 4% for (2a//) = 5 
For c/a = 1/5 1 % for (2a//) up to 5 2% for (2a//) = 10 

For c/a = 1/2 1% for (2a//) up to 2 3% for (2a//) = 5 

For c/a = 1 1% for (2a//) up to 1.5 5% for (2a//) = 5 

It is easy to verify that for long coils of a few layers Bunet's formula is approxi- 
mately : 

aW aW 2 (3.2c//a) 



8 9a + 10/ (9a + 10/) 2 

aW 2 CaN 2 

** 9a + 10/ 10ir/ 
in accord with the result given previously for this type of coil. 



(14) 
(15) 



(D) Wheeler's formula for short coils 

Wheeler gives a formula for short coils having / and c less than a (Ref 22). This 
result, which he states was obtained theoretically, is : 

oJV 2 , 4.9a , x 

L * = 1375 logl ° 7+7 uo; 

The accuracy is given as 3% when (/ + c) = a, and is stated to improve as (/ + c)/a 
decreases towards zero. 

This formula is slightly different in form from those given in (B) of this section. 
Nevertheless, the numerical agreement is quite good, as can be seen from the following 
considerations : 
For the case / = c, 

3.6a 3.6a 5.1a 



y/l* + c * 0.707(/ + c) 


. / .+ c ' 


when / = 3c or c = 3/, 




4.02a 4.02a 


5.1a 


y/i + C 2 U.Y92 (/ + c) 


/ + c' 


when / = 10c or c = 10/, 




4.55a 4.55a 


5.0a 



-V//2 + C 2 0.91 (/ + c) / + c ' 

Thus when log 4.9/(/ + c) is compared with the logarithms of these quantities the 
percentage difference is found to be small. 

Another formula due to Wheeler (Ref. 22) which covers the shape of many universal 
windings, is 

_ 0.8aW 2 
Ls _ 6a + 9/ + 10c 
accurate to within about 1 % when the three terms in the denominator are about equal. 

(iv) Design of multilayer coils 
(A) Short coils 

The Bureau of Standards Circular No. 74 gives two of the possible approaches to 
the design of short multilayer coils. 

(1) The two forms of Stephan's equation given in eqns. (9) to (12) may be ex- 
pressed as : 

\s/z 
L s = ^T 3 G, (17) 
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where A is the wire length, P is the distance between centres of adjacent wires and G 
is a function of the shape of cross section (//c) and of the shape ratio of the coil (c/a). 
The 'quantity G is represented by means of curves. This equation is used, in cases 
where the ratios l/c and c/a have been decided, to determine the necessary wire- 
length for a given pitch, or vice versa. The mean radius of the winding is then 
obtained from 



_ *l_±c _P*_ 

a ~\J 2* I (c/a) 2 



(18) 



and the total number of turns is given by N = A/27ra or lc/P*. 

It can be shown that, for a given resistance and coil shape, the square cross section 
(l/c = 1) gives a greater inductance than any other form ; and, further, for a square 
cross section, the inductance for a given length of wire is a mayi'mum for c/a — 0.662. 

(2) Stephan's formulae may also be expressed in the form : 
L. = 0.031 93aN*g, (19) 

where g is a known function of l/c and c/a. 

This form is useful when a, c and / have been decided to give N y and thence P. 
We have 

P = ^ 

N 

and A = 2-iraN. 

(B) Universal coils 

The usual problem is the calculation of the inductance of a given number of turns 
before winding the coil, with only former size and wire size known. It is stated in 
Ref. 20 that the inductance of universal coils is about 10% greater than that of normal 
multilayer windings of the same external dimensions. 
A suitable procedure is to determine the gear ratio from the formula, 
gear ratio = £n(P + l)/P (20) 

as described in Chapter 11, Sect. 3(iv). The radial depth of winding, c, can then be 
obtained from the formula 

c = Nqw'/(P + 1) (21) 

where N = number of turns in coil, 

q = number of crossovers per winding cycle 

[Refer Table 1 in Chapter 11, Section 3(iv)] 
to' = diameter of wire plus insulation, 
and P = an integer defined in Chapter 11, Section 3(iv). 
Since the length of the winding, /, is equal to the sum of the cam throw and the wire 
diameter, the dimensions of the coil are then known and the inductance can be cal- 
culated from the methods previously described. 

Example : A coil of 500 turns of 38 A.W.G. enamelled wire (0.0044 inch) is to be 
wound on a 0.5 inch diameter former with a 0.1 inch cam. From Chapter 11 Sect. 
3(iv), P = 43 and q = 2. Therefore 

c = 500 x 2 x 0.0044/44 inch = 0.1 inch 

/ = 0.1 inch + 0.0044 inch = 0.1044 inch 
and a = 0.25 inch + c/2 = 0.3 inch. 

(v) Effect of a concentric screen 

No formulae have apparently been given for the change in inductance produced by 
a concentric shield. It is clear that the percentage change in inductance of a multi- 
layer coil will be less than that of a single layer coil of equal outside dimensions ; 
and that the greater the winding depth c the less will be the effect of the shield. For 
solenoids of a few layers the percentage change in inductance will be very closely 
the same as for a single layer solenoid of corresponding dimensions. 
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SECTION 3 : TOROIDAL COILS 

(*) Toroidal coil of circular section with single layer winding (») Toroidal coil of 
rectangular section with single layer winding (iii) Toroidal, coil of rectangular section 
with multilayer winding. 

(i) Toroidal coil of circular section with single layer winding 

The current sheet inductance of a single layer coil wound on a torus, that is a ring 
of circular cross-section, is given by 

L, = 0.031 93N Z [R - VR 2 - « 2 ] microhenrys, (1) 

where R is the distance in inches from the axis to the centre of cross-section of the 
winding, a is the radius of the turns of the winding and N is the total number of turns. 

(ii) Toroidal coil of rectangular section with single layer winding 

For this type of coil the current sheet inductance is readily shown to be : 

L, = 0.011 10N 2 h log 10 — microhenrys, (2) 

where r x is the inner radius of the winding, r 2 is the outer radius of the winding and h 
is the axial depth of the winding. 

The difference between L s and L for single layer toroidal coils is usually small. 
Where high precision is required the value of L may be obtained from L, by using 
the corrections shown in Bulletin, Bureau of Standards, 8 (1912) p. 125. 

(iii) Toroidal coil of rectangular section with multilayer winding 

Dwight (Ref. 11) has obtained an expression for the current sheet inductance of 
this type of coil. His expression contains only simple terms, but it is too long to re- 
produce here. In an example quoted by the author the calculated and measured 
values of an inductance agreed within 1%. 

Richter (E.E. Supplement. Dec. 1945, p. 999) stated that in practice fair results 
are obtained by use of the empirical formula : 

L = 0.0117N*h' log 10 {r 2 '/r 1 ') (3) 

where h' s r 2 ' and r x are determined as follows : 
Let ty be the thickness of winding on the inside face, 
t 2 be the thickness of winding on the outside face, 
t % be the thickness of winding on the inside edge of the top and bottom faces, 

and 
t 4 be the thickness of winding on the outside edge of the top and bottom faces, 
then 

r 2 ' = r 2 + f,/3 ; r x = r x - tJ3 ; h' = h + (r 3 + t^/3 ; 
h, r x and r 2 having the same meanings as in Section 3(ii). 



SECTION 4 : FLAT SPIRALS 

(*) Accurate formulae (u) Approximate formulae. 

(i) Accurate formulae 

The current sheet inductance of flat spirals can be obtained from Stephan's formula 
for short multilayer coils [see Sect. 2(i)]. 

(a) Wire of rectangular cross section 

For spirals wound with metal ribbon or with thicker rectangular wire the pro- 
cedure is as follows : 
Use Stephan's formula with these conventions : 
for / put the width of the wire ; 

for c put NP, where P is the distance between the centre of cross section of a 
turn and the corresponding point of the next turn ; 
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for a put a + (N — l)P/2, where 2a is the distance (Fig. 10.8) across the 
centre of the innermost end of the spiral. 
The correction for cross section is given in the Bureau of Standards F|G ro e 

Circular No. 74 in the form : 

L = L, - 0.03190^! + BO, 
where A x and B x are tabulated functions. The accuracy obtained 
for L is 1%. 

(b) Round wire 

For spirals wound with round wire the same conventions are 
adopted to obtain a and c, but a simplified form of Stephan's equation, 
obtained by setting / = 0, is used. It is 

L, = 0.3193oiV a [2.303 log 10 ^ - i + g£i( 2 - 303 lo Sio 7 + §)] ' 

The inductance L of a spiral is given more closely by : 

L = L, - 0.0319aN(A + B), 
where A and B are shown in Fig. 10.2. 

(ii) Approximate formulae 
For round wires it follows immediately that 




L.ss 0.031 93 x 2.303aApflog — - — 1 
L c 2.303J 



aN* , 4.9c 
^i3T5 log — ' 
Wheeler has given an approximate formula for spirals where c > 0.2a. It is : 
_ flW* 
• ~ 8a + He' 
The first of these formulae is the more accurate as the ratio c/a decreases, while the 
second is the more accurate the closer c/a approaches unity. The agreement between 
them is quite fair : 

For c/a = 0.2, we have from the first result, 
L, *t (aNV13.5) log 24.5 = 0.103oN 2 , 
while from Wheeler's formula 

L t m aN 2 /(8 + 2.2) = 0.098oN 2 . 
For c/a = 0.5, we obtain, respectively, 
L, aa (aN 2 /135) log 9.4 = 0.97aN 2 /13.5 and 
L, & aN*/(8 + 5.5) = oN»/13.5. 



SECTION 5 : MUTUAL INDUCTANCE* 

(1) Accurate methods (ii) Approximate methods. 

(i) Accurate methods 

Accurate methods for the calculation of mutual inductance between coils of many 
different shapes and relative dispositions are given in the Bureau of Standards Cir- 
cular No. 74, and in the Bureau of Standards Scientific Paper No. 169. The book by 
Grover (Ref. 15) covers the subject comprehensively in Chapters 12, 15 and 20. 
The possible accuracy of these methods is always better than one part in one thousand. 

The mutual inductance of coaxial single-layer coils, with tables to facilitate the 
calculation, is covered in Ref. 15 Chapter 15 (see also Ref. 5). 

•By the Editor. 
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There are few simple formulae which can be used for the more common practical 
cases, such as are possible with self inductance. The following exact method may be 
used for two windings on the same former with a space between them, both windings 
being similar in pitch and wire diameter (Fig. 10.9). 

Assume that the space between the windings is 
wound as a continuation of the windings on the two 
ends, to form a continuous inductor from A to D 
with tappings at points B and C. Then the re- 
quired mutual inductance, M, between the two ori- 
ginal windings is given by 

M = & l ad + l bc ~ l ac ~ l bd) C 1 ) 

where L AD is the inductance between points A and D, and similarly for other terms. 

These inductances may be calculated from the formulae given in earlier sections of 
this chapter. 

References to accurate methods : Refs. 2, 3, 5, 13, 14, 15, 18. 
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FIG. 10.10 

Fig. 10.10. Chart giving coefficient of coupling for a specified spacing between two 
coaxial solenoids having identical dimensions. The quantities S and L are measured in 
terms of coil diameters. (Ref. 56.) 
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(ii) Approximate methods 

The coefficient of coupling for a specified spacing between two coaxial solenoids 
having identical dimensions, but not necessarily identical numbers of turns, is given 
by Fig. 10.10 (Ref. 56). The accuracy should be better than 5%. 

SECTION 6 : LIST OF SYMBOLS 

Note : Inductances are given in microhenrys and dimensions in inches. 
L, = current sheet inductance 
L„ = low frequency inductance 
L ' = effective inductance of a shielded coil 
N — total turns in coil 

n = turns per unit length 

/ = coil length 

P = pitch of winding = 1/n 

a = coil radius (from axis to middle of winding) 

d = 2a = coil diameter 
A' — cross sectional area of coil 
D = (bare) wire diameter 

5 = D/P 

a = total length of wire 
K = Nagaoka's constant — see Fig. 10.1 
A,B = correction terms — see Fig. 10.2 

/ = Kl/2a— see Fig. 10.3 

F = 1-8// 

v = 1.8// 

b = radius of concentric cylindrical screen 

/, = length of concentric cylindrical screen 

g — b — a, i.e. coil to screen spacing 

k = coefficient of coupling between coil and concentric can 

c = radial depth of winding 

g' = Vl 2 + c* 

B, = correction term, function of 1/c 
yi> yu y3 = functions of l/c in Stephan's formula 
q — number of crossovers per winding cycle 
R = mean radius of a toroidal coil of circular cross section 
r x = inner radius of a toroidal coil of rectangular cross section 
to' = diameter of wire plus insulation 

r 2 = outer radius of a toroidal coil of rectangular cross section 
h = axial depth of a toroidal coil of rectangular cross section 
M = mutual inductance 
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SECTION 1 : INTRODUCTION 

The space available for coils in a radio receiver is invariably limited, and part of the 
design work on each coil is the obtaining of maximum Q in a minimum volume. 
In the case of i-f transformers the volume is clearly denned by the shield used, and the 
same applies to r-f coils in cans, but where shielding is not used with r-f coils the 
increased Q obtainable from larger diameter formers is offset against the increased 
damping from components and magnetic materials, such as the receiver chassis, ad- 
jacent to the coil. 

The resulting form factor for each individual winding requiring maximum Q and 
niinimum self-capacitance is usually such that the length of the winding is very ap- 
proximately equal to its diameter. To obtain this shape for i-f, broadcast and short- 
wave coils the winding method is varied. 

I-F transformers use universal windings, and where the Q and distributed capacit- 
ance requirements are not severe a single coil wound with a large cam (perhaps f in.) 
will be satisfactory, even without an iron core, if litz wire [see Sect. 5(i)J] is used. 
However higher Q values are usually required than are obtainable in this way and in 
such cases each winding consists of two or more pies, perhaps with an iron core. 

The same types of coils are satisfactory in the broadcast band, although in the case 
of signal frequency coils which are tuned over a ratio of more than three to one it is 
essential to use very narrow windings or two or more pies to reduce the distributed 
capacitance of the winding. Litz wire and iron cores are commonly used to give a 
secondary Q of 100 or more. 

Another method of decreasing distributed capacitance is the use of progressive 
universal windings in which the winding finger travels along the former in addition 
to moving to and fro. Such coils are rarely built up to a greater height than five wire 
thicknesses, and are equally useful with or without iron cores. Solenoids are also 
used either with iron cores or on comparatively large diameter formers if an iron core 
is not used. 
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At frequencies between 2 and 6 Mc/s (which are used in receivers providing con- 
tinuous coverage between the normal short-wave and broadcast bands, or for oscilla- 
tors giving second harmonic mixing for the short wave band) the progressive universal 
winding is particularly useful because the winding length of solenoids may be too great 
with the usual range of former diameters, and the number of turns is insufficient to 
allow them to be split into many sections. 

A set of worm driving gears which spreads the appropriate number of turns over a 
length approximately equal to the coil diameter is required. This usually necessitates 
a faster worm drive than is used for broadcast coils. Litz wire with a large number 
of strands is useful in obtaining maximum Q. 

For the 6 to 18 Mc/s band the solenoid is used, almost always with solid wire, and 
this type of coil remains useful at least up to 100 Mc/s. Increased wire diameters 
and spacings are used at higher frequencko to obtain form factors similar to those 
used at low frequencies. 



SECTION 2 : SELF-CAPACITANCE OF COILS 

(i) Effects of self-capacitance (ii) Calculation of self-capacitance of single-layer 
solenoids (m) Measurement of self -capacitance. 

(i) Effects of self-capacitance 

The self-capacitance of a coil is due to the electrostatic coupling between individual 
turns and between the turns and earth. When the self-capacitance is between un- 
insulated turns in air its Q may be high, but the greater the amount of dielectric in the 
field of the coil the greater will be the losses. 

Short wave coils of enamelled wire on a solid former do not have serious dielectric 
losses if good quality materials are used, but at broadcast and intermediate frequencies 
the universal windings used have comparatively high-loss dielectrics and unless self- 
capacitances are kept to a low value the reduction in Q may be appreciable. 

In the case of coils which are to be tuned over a range of frequencies, comparatively 
small values of shunt capacitance can have a large effect on the possible tuning range. 

In all cases the self capacitance of a coil has an apparent effect on its resistance, 
inductance and Q, and at frequencies considerably below the self resonant frequency 
of the coil — 



apparent inductance = L( 1 + -^ ) 

( c y 

apparent resistance = R\ 1 + -^r J 
and apparent Q = Q/( 1 +7^) 



where C = self-capacitance of coil 

C = external capacitance required to tune L to resonance 
L = true inductance of coil 
R = true resistance of coil 
and Q = true Q of coil. 

(ii) Calculation of self-capacitance of single-layer solenoids 

Until recently the work of Palermo (Ref. C3) had been taken as the standard on the 
self-capacitance of single-layer solenoids. However Medhurst (Ref. C2) has disputed 
the theoretical grounds on which Palermo's work is based. As the result of a careful 
analysis and a large number of measurements he states that the self-capacitance, C , of 
single-layer solenoids with one end earthed, and without leads, is 

C = HD wF (1) 

where D = diameter of coil in cm. 



452 



(ii) CALCULATION OF SELF CAPACITANCE 



11.2 



and H depends only on the length/diameter ratio of the coil. A table of values of H 
is given below and when used in conjunction with a capacitance correction for the 
" live " lead, Medhurst states that the accuracy should be within 5%. 

TABLE 1 



/ Length \ 
\ Diameter/ 


H 


( 


Length 


,) 


H 
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Diamete 




50 




5.8 




5.0 




0.81 




0.70 




0.47 


40 




4.6 




4.5 




0.77 




0.60 




0.48 


30 




3.4 




4.0 




0.72 




0.50 




0.50 


25 




2.9 




3.5 




0.67 




0.45 




0.52 


20 




2.36 




3.0 




0.61 




0.40 




0.54 


15 




1.86 




2.5 




0.56 




0.35 




0.57 


10 




1.32 




2.0 




0.50 




0.30 




0.60 


9.0 




1.22 




1.5 




0.47 




0.25 




0.64 


8.0 




1.12 




1.0 




0.46 




0.20 




0.70 


7.0 




1.01 




0.90 




0.46 




0.15 




0.79 


6.0 




0.92 




0.80 




0.46 




0.10 




0.96 



Lead capacitance can be determined separately and added to the coil self-capacit- 
ance. Fig. 11.1 (from Medhurst) can be used for this purpose. 

FIG. II. I 
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Fig. 11.1. Variation of 
capacitance with wire 
length for vertical copper 
wires of various gauges 
(Ref D6). 
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It is interesting to compare Medhurst' s formula with another by Forbes Simpson 
[Ref. G17 and Sect. 5(i) of this chapter]. Forbes Simpson's formula is applicable 
to coils with a length/diameter ratio of unity, a pitch of 1.5 times the wire diameter 
and with leads at each end equal in length to the diameter of the coil. His formula is 
C = D(0.47 + a) /u/xF (2) 

where D = diameter of coil in cm. 

and a = a constant depending on the gauge of wire, lying between 0.065 for 

42 S.W.G. (38 A.W.G. approx.) and 0.11 for 12 S.W.G. (10 A.W.G. 

approx.) where one lead of the coil is connected to chassis. 

In eqn. (2) there is no equivalent of the H in eqn. (1) because the length/diameter 

ratio is a constant. The length of " live " lead taken into account in eqn. (2) is equal 

to D, and it is possible to determine its effect from Fig. 11.1. For 12 S.W.G. wire 

the capacitance is 0.11 /t/*F per cm. so that eqn. (1) (with lead correction) could be 

written 

C = 0.46D + 0.1 ID = 0.57D 
for the conditions of eqn. (2) and using 12 S.W.G. wire. Similarly, using the value of 
a given for 12 S.W.G. wire jn eqn. (2), eqn. (2) could be written 
C = 0.47D + 0.1 ID = 0.58D. 
The data in Fig. 11.1 are not sufficient to compare the equations using the lower 
limit of a given by Forbes Simpson but for 20 S.W.G. eqn. (1) becomes 

Co = 0.55D 
for the conditions of eqn. (2), while eqn. (2) for 42 S.W.G. becomes 
Co = 0.535D. 
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(iii) Measurement of self- 
capacitance 

A graphical method of self-capacitance 
determination due to Howe is shown in 
Fig. 11.2. Values of external capacitance 
in [ifiF required to tune a coil to resonance 
are plotted against l// 2 where / is the re- 
sonant frequency in Mc/s. The self- 
capacitance is the negative intercept of the f^Z 
straight line with the capacitance axis. 

Fig. 11.2. Construction for determination 

An alternative method is to determine the f self-capacitance of coil. 

external capacitances necessary to tune 
a coil to frequencies of/ and 2/. If the two capacitances are C t and C 2 respectively, 

self-capacitance = — — 



SECTION 3 : INTERMEDIATE-FREQUENCY WINDINGS 

(*) Air-cored coils (») Iron-cored coils (iii) Expanding selectivity i-f transformers 
(iv) Calculation of gear ratios for universal coils (v) Miscellaneous considerations. 

(i) Air-cored coils 

Most commercial receivers have two i-f transformers with four circuits tuned to 
about 455 Kc/s. To obtain adequate selectivity in such a case the required Q for 
each winding (mounted on the chassis but not connected in the circuit) is 100 or more. 

This Q can readily be obtained with air cored coils of about 1 mH inductance pro- 
vided that litz wire and comparatively large coil cans are used. Without litz it is 
difficult to exceed a Q of 50, but even this may be sufficient when more i-f .stages 
than usual are used. 

When a single pie is used, Q is to some extent dependent on coil shape but if five 
times the winding depth plus three times the winding width equals the external 
diameter, Q will be close to the maximum for the wire and type of winding. 

There are three methods of increasing the Q, and when all are used to practical 
commercial limits, production Q figures of 150 can be maintained. The first require- 
ment is litz wire, probably nine strands for a Q of the order of 100, and twenty or more 
strands for a Q of 150. Large coil cans are necessary, up to two inches in diameter, 
with formers of such a size as to make the outside coil diameter little more than half 
the can diameter. Lastly, self-capacitance must be reduced to a minimum, because 
its Q is always low and in the case of a single pie winding it may amount to say 25 /x./*F, 
a large percentage of the total capacitance. Splitting the winding into pies reduces 
self-capacitance, at the same time improving the form factor, and a suitable compro- 
mise between Q and economy is obtained by winding with three pies. Self-capacit- 
ance is also reduced by winding narrow pies, although a limit is set by the difficulty 
of winding litz wires with a cam of less than 0.1 inch, or perhaps even £ inch. In 
addition, as the cam is reduced the height of the coil increases and larger losses from 
damping of the coil by the can may more than offset the reduced losses in a smaller 
self-capacitance. 

When the windings have more than one pie, the inductance is dependent on pie 
spacing. For this reason, and to increase the speed of winding, multi-section coils 
are wound with the former located by a gate, a different slot in the gate being used for 
each individual pie. Spacing between primary and secondary windings is kept constant 
by means of a double winding finger which winds primary and secondary at the same 
time. 
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A disadvantage of air cored i-f coils is that a trimmer capacitance is needed to re- 
sonate the tuned circuit. The cheapest types of trimmers usually have poor stability 
with respect to time, vibration, humidity and temperature, and satisfactory types may 
cost more than a variable iron core with provision for adjusting it. 

(ii) Iron-cored coils 

The advantages of iron cores used in i-f transformer windings are that 

(a) they increase the inductance of the winding, thereby giving a saving in wire 
cost and winding time for a given inductance, 

(b) they increase the Q of the winding, thereby allowing cheaper litz (or solid wire 
in an extreme case) to be used, 

(c) they restrict the field of each winding, to an extent depending on the type of 
core used, and thus allow a smaller, cheaper coil can to be used without excessive 
damping, 

(d) they provide a satisfactory method of adjusting the tuned circuit to resonance. 
Because of this the total tuning capacitance can be of a stable high Q type (e.g. 
a silvered-mica capacitor), and there is no trouble from capacitance between 
primary and secondary trimmers giving an asymmetrical resonance curve, or 
from capacitance between say first i-f and second i-f trimmers leading to re- 
generation. 

To obtain the greatest benefit from an iron core it is necessary to have all of the 
turns close to the core. In particular cases, especially at high frequencies, Q may be 
decreased due to increased distributed capacitance if the coil is too close (e.g. wound 
on the core) but in normal i-f applications in which a former comes between coil and 
core the thinner the former can be made, the better will be the Q. 

Also because of this effect it sometimes happens that by winding a coil with thinner 
litz (fewer strands), and so bringing the top turns closer to the iron and further from 
the can, an increase in Q is obtained. 

Another benefit from bringing all of the turns as close to the iron core as possible 
is that the range of inductance adjustment provided by the core is increased. If 
fixed capacitors with ± 10% tolerance are used to tune the i-f windings, it is necessary 
to provide at least ± 15% inductance adjustment from the iron core to allow for 
winding variations and changes in stray capacitances due to valves and wiring. It is 
necessary to split the i-f winding into pies to obtain a variation of this order with 
normal cheap i-f cores. 

An additional advantage of splitting the winding is that at least half of the turns in the 
coil are brought much closer to the core so that Q is increased above the amount to 
be expected from the reduction in distributed capacitance. 

To obtain the previously mentioned Q of 100 at an inductance of about 1 millihenry 
with a small iron core, a coil can somewhat larger than one inch diameter would pro- 
bably be needed with a coil wound in three pies of 5 strand 41 A.W.G. litz. 

Much higher Q's are obtainable with special core shapes and materials, and a 455 
Kc/s i-f transformer with a Q of 260 in the can is mentioned in Ref. A15. However 
difficulty is usually experienced from instability even with valves of comparatively 
low slope, such as the 6SK7-GT, if i-f transformers with a Q above about 150 are 
used. 

A possibility of increasing Q with iron-cored coils which does not usually arise 
with air-cored coils is that if the coil is wound directly on to a non-adjustable iron core 
or on to a small individual former, it can be mounted in different planes inside the coil 
can. By mounting the coil with its axis at right angles to the axis of the can it is 
possible to obtain an increase in Q of the order of 10% (depending on the diameters 
of coil and can) and this method also has the advantage of making both cores adjust- 
able from above the chassis. The chief disadvantage is that coupling between primary 
and secondary takes place mainly between adjacent edges of the two windings and 
variations in the height of the windings, due to variations in wire thickness, notice- 
ably affect the coupling. In addition, trouble may be experienced from regeneration 
because with this method of mounting the field of the bottom winding extends further 
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outside the coil can. Unless a good joint is made between can and chassis this trouble 
will be further aggravated. 

(iii) Expanding selectivity i-f transformers 

The simplest method of expanding i-f transformer response to give' peaks symmet- 
rically spaced about the intermediate frequency is by switching a tertiary winding. 
Two other possibilities* of obtaining the desired result are the simultaneous switching 
of series and shunt coupling capacitors between the two windings, and the switching 
of capacitors to alter the coupling in a II or T network (Ref. G13). In each of these 
cases, however, it is necessary to switch components in high potential sections of the 
circuit whereas tertiary switching can be carried out in low potential circuits. 

Receivers have been manufactured in 
which movement of a complete winding 
altered the coupling, and whilst this eli- 
minates switching problems, the additional 
mechanical problems are at least as trouble- 
some. Moreover it is difficult to keep 
constant the damping effect of the coil can 
and the mechanical coupling of the moving 
coil so that the whole object of the variable 
coupling (i.e. symmetrical expansion of 
the pass-band) is liable to be lost. 



I-F Amplifier 




FIG. 11.3 



Fig. 11.3. Expanding selectivity with 
switched tertiary coil. 



Although symmetrical expansion be- 
comes more difficult as the Q of the trans- 
former increases, it is possible with tertiary switching to maintain satisfactory symmetry 
in production with a Q of 150 and with simple alignment procedures. In a normal 
receiver with a single i-f amplifier it is only necessary to expand the selectivity of the 
first i-f transformer because the diode damping on the secondary (and perhaps prim- 
ary) of the second i-f reduces its selectivity considerably. 

Fig. 11.3 gives a typical circuit. It will be seen that the inductance of the tertiary 
winding is switched into the tuned circuit in the expanded position. This does not 
lead to appreciable detuning because the inductance of the secondary is some thousands 
of times larger than that of the tertiary. 

Suitable methods of winding the tertiary coil vary with the method of primary 
winding but the object is always to obtain maximum coupling with minimum tertiary 
inductance. When the primary is pie-wound the tertiary should be wound between 
two pies as close to the middle of the coil as possible. From three to five tertiary 
turns are required (assuming approximately critical coupling without the tertiary 
and three hundred or more primary turns in a 455 Kc/s i-f transformer). The type 
of wire is not important except for its covering, and solid wire of the finest gauge 
which will give no trouble with handling or cleaning is probably most suitable. 

It is essential that the insulation resistance between primary and tertiary be very 
high. In a typical case a leakage of 100 megohms between primary and tertiary would 
give the control grid of the following i-f amplifier a positive voltage of five volts. 
Because of this the tertiary winding should be double-covered wire and the com- 
pleted coil must be thoroughly dried out and then immediately impregnated in some 
moisture resisting compound. 

If the primary consists of a single winding the tertiary is best wound in solenoid 
form on top of it. Similar results are obtainable for the same number of coupling 
turns. 

To align such a transformer the switch should be turned to the " narrow " position 
and the receiver aligned normally for maximum gain. When the switch is turned 
to " broad " the output should drop, but when the signal generator is detuned, equal 
peaks should be found symmetrically spaced about the intermediate frequency. 



*See also Chapter 9 Sect. 8 ; Chapter 26 Sect. 5. 
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If the peaks are not symmetrical, undesired couplings are probably responsible. 
All traces of regeneration must be removed and, because the stability requirements 
are more severe than usual, unusual effects are liable to be uncovered. For example, 
regeneration may occur due to coupling between a loop formed by the generator input 
leads and the output of the i-f amplifier (twisting generator leads will cure this) or 
coupling may occur between first and second i-f transformers within the steel chassis. 
When this happens, rotating one or both transformers will probably give cancellation 
but leave production receivers susceptible to the trouble. Additional spacing between 
transformers is advisable with each primary and secondary wired for nunimum re- 
generative coupling. 

The switch used for the tertiary winding should preferably be of the " break before 
make " variety. A " make before break " switch momentarily short circuits the 
tertiary winding during switching, giving a sudden reduction and increase in sensitivity 
which can be heard as a dick. 

Even after a satisfactory i-f selectivity curve has been obtained, the over-all curve 
may be too narrow if a r-f stage is used in the receiver. In such cases the r-f stage 
should also be expanded [Chapter 35 Sect. 5(iii)]. 




FIG. 11.4 

Fig. 11.4. Type of finger recommended for universal winding. 



(iv) Calculation of gear ratios for universal coils 

To obtain electrical consistency between universal coils in production runs it is 
essential to wind the coils with good mechanical stability. For this, machines must 
be adjusted correctly, but a suitable gear ratio is of equal importance. 

The method of gear ratio calculation given below has been used successfully for 
production coils, and gives a straight pattern on the side of each coil. 

The instructions make provision for a spacing between centres of adjacent wires 
of 8/7 of the wire diameter. This diameter should be measured, and the required 
spacing depends on the type of winding finger used. The most satisfactory types, 
and the ones for which the spacing factor will be found suitable, are those in which the 
wire passes to the bottom side of the finger before being placed in position on the coil. 
Fig. 11.4 shows such a finger, and it will be seen that the tension on the wire pulls 
the finger down to the face of the coil. 

Fingers in which the wire passes through a groove on the top and then takes up 
its own position on the surface of the coil may require more spacing than that specified. 
Other factors may also affect the spacing required, but a small amount of experiment 
will decide this. It will be noticed that some types of litz wire tend to spread when 
wound, and so need more spacing than would be expected from measurement. 
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Symbols 

d = former diameter (inches) 

c = cam throw (inches) 

n = nominal number of crossovers per turn (see Table 1) 

q — number of crossovers per winding cycle, i.e. before wire lies alongside 

preceding wire (see Table 1). 
v = nominal number of turns per winding cycle (see Table 1) 
R = gear ratio = former gear /cam gear 
w = modified wire diameter (inches) — see Note below 
P = qc/(w + x) — an integer 
x = smallest amount necessary to make (P + l)/v an integer (inches). 

Note. For fabric covered wire, w = (measured diameter of covered wire) X 8/7. 
If the wire is enamelled only, the same formula is used but the bare wire diameter is 
multiplied by 8/7. 

Procedure 

(A) From n > (2d/3c) determine the largest convenient value for n. Do not use 
values of n less than 2 for bare enamelled wire. Obtain values of q and v from Table 1 
below for the value of n chosen. 

TABLE 1 

« 4 2 12/3^ 1/3 t 

q 4 2 2 2 2 2 2 

v 1 1 2 3 4 6 8 

(B) Determine w from information given in the note above. 

(C) Calculate P from P = qc/(w + x). 

(D) Obtain R from R = \n(P + 1)/P. 

Example 1 

Given d — J in. and c = 0.1 in. determine the gears to wind a coil with 42 S.W.G. 
enamelled wire. 

(A) (2d/3c) = 1.0/0.3. Take « = 2, giving q = 2 and v = 1 from the table. 

(B) The diameter of bare 42 S.W.G. wire is 0.004 in., so w = 0.004 57 in. 

(C) P = qc/(w + x) and (P + l)/v must be an integer, i.e. P must be an integer 
since v = 1. 

ge/m = 200/4.57 = 43.7. 

But P = qc/(zo + x) = an integer. 

Therefore P = 43. 

(D) R = MP + l)/P = |X 2(43 + l)/43 = 44/43. 

Example 2 

Given d = i in. and c = J in. determine the gears to wind a coil with 0.016 in. 
litz wire. 

(A) 2<*/3c = 2/3. Take n = 2/3, giving q = 2 and v = 3. 

(B) to = 0.016 in. x 8/7 = 0.0183 in. 

(C) qc/w = 500/18.3 = ,27.3. 
But (P + l)/v = an integer. 
Therefore P = 26. 

(D) R = MP + l)/P = 1/3 X 27/26. 
To obtain suitable gears : — 

R = 2/3 X J X 27/26 = (28/42) X (27/52). 

When it is known that n will be 2, as is the case with die majority of coils, the method 
reduces to dividing the modified wire diameter into twice the cam throw (ignoring 
any fractions in the answer). This gives P and the required ratio is (P + 1)/P. 

For further information on universal coil winding see Refs. I 1 to I 8. 
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(v) Miscellaneous considerations 

(A) Direction of windings 

Although the coupling between primary and secondary is assumed to be due to 
mutual inductance, the capacitive coupling is appreciable. Depending upon the 
direction of connection of the windings, the capacitive coupling can aid or oppose the 
inductive coupling. When the two types are in opposition and of the same order a 
slight change in one — the capacitive coupling is particularly liable to random variation 
— gives a much larger percentage variation in the effective coupling. In a bad case, 
production sensitivity variations from this cause may be quite uncontrollable. 

To avoid the trouble, i-f transformers are usually connected for aiding capacitive 
and inductive coupling. This is done by connecting the i-f amplifier plate to the 
beginning of one winding and the following grid to the end of the other winding when 
the two coils are wound in the same direction. Other connections to give the same 
winding sense will give the same result. 

Even with aiding couplings it is desirable to reduce capacitive coupling to a minimum 
to obtain a symmetrical response curve and care should be taken in the placing of 
tuning capacitors and with details such as keeping the grid wire of the secondary 
winding well away from the plate wire or the plate side of the primary winding. 

(B) Amount of coupling 

An undesirable feature, from a production point of view, of i-f transformers in 
which the coupling is less than critical, is that receiver sensitivity becomes more 
dependent on i-f coil spacing. For a transformer with approximately critical coupling 
a spacing difference of 1/32 inch makes no appreciable difference to sensitivity in a 
typical case. However if the transformer were under-coupled the sensitivity change 
would be noticeable. 

Transformers which are slightly over-coupled can be aligned for symmetrical 
response curves without undue trouble by detuning each winding (say with an ad- 
ditional capacitor of the same size as the tuning capacitor) while the other winding of 
the transformer is aligned for maximum sensitivity. Symmetry is of course dependent 
on the absence of regeneration. 

(C) Losses 

Unless care is taken, the sum of a number of apparently negligible losses may result 
in appreciable reduction in Q. Many artificial coverings have greater losses than silk, 
but this is usually obvious when a sample coil is wound. Less obvious losses may 
occur in details such as the material used to seal the end of a winding or in the placing 
of shunt capacitors or even coil lugs close to the actual i-f winding. An assembly of 
straight parallel wires between top and bottom of the i-f can may cause appreciable 
decrease in Q, particularly if large blobs of solder are placed close to the windings. 

To eliminate such losses it is advisable to check the Q of a winding, sealed with 
low-loss material and baked to remove all moisture, when suspended well away from 
any substances which will introduce losses. The mechanical structure of the complete 
i-f assembly can then be added, one section at a time, and the Q read at each stage, 
a final reading being taken when the coil is mounted in the receiver. 

(D) F-M i-f transformers 

For details of F-M i-f construction and other i-f information of practical interest 
see Chapter 26 Sect. 4(vi). 

(E) Other ferromagnetic materials 

The development of a non-metallic ferromagnetic material named Ferroxcube 
has been announced by Philips (Refs. A28, A29, A30, A31, A32, A33). 

Several grades of Ferroxcube are manufactured. They have in common a high 
specific resistance of 10 2 to 10* ohm cm. and a high initial permeability of from 50 
to 3000 depending on the type. Ferroxcube IV, which is useful to 40 Mc/s, has a 
permeability of 50, and Ferroxcube III with an upper frequency limit of about 0.5 
Mc/s has a minimum permeability of 800. 
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Because of the closeness of the Curie point to room temperature (the Curie point 
of Ferroxcube III is 110° — 160 C C) some change of permeability occurs with changing 
temperature. For instance the permeability of Ferroxcube III can be almost halved 
by an increase in temperature from 20°C to 80°C. However, the permeability of 
Ferroxcube V is decreased less than 10% by a similar temperature change under the 
same conditions. Between 10° and 40°C the change in permeability averages 0.15% 
per 1°C for the various types of Ferroxcube. 

In cases in which the magnetic circuit is normally completely enclosed, the high 
permeability of Ferroxcube can be used to minimize losses by means of an air gap. 
If the gap is such as to reduce the effective permeability to one tenth of its original 
value (which could still be high), losses and the effect of heat on effective permeability 
will also be reduced in the same proportion. 

The properties of Ferroxcube allow considerable reductions to be made in the size 
of such items as i-f transformers or carrier-frequency filters, and it is an excellent 
material for magnetic screens or for permeability tuning. However its saturation 
point is rather low and it is not used for power transformer or output transformer 
cores. 

Ref. A27 describes research on ferromagnetic spinels by the Radio Corporation 
of America. These spinels are ceramic-like ferromagnetic materials characterized 
by high permeability (up to greater than 1200), high electric resistivity (up to 10 8 
ohm cm), and low losses at radio frequencies. Wide ranges in these and other pro- 
perties are obtainable by varying the component ingredients and methods of synthesis. 

Ferrospinels are being used increasingly in electronic equipment operating in the 
frequency range of 10 to 5000 Kc/s. At power and low audio frequencies the ferro- 
spinels are not competitive with laminated ferromagnetic materials, and at very high 
frequencies the losses in ferrospinels are excessive when high permeability is re- 
quired. It is possible however to produce a ferrospinel, with low permeability, useful 
at frequencies in the order of 100 Mc/s. The application of ferrospinels as core bodies 
in the deflection yoke, horizontal deflection transformer and high voltage transformer 
for television receivers is now finding wide acceptance. The ferrospinels are especi- 
ally suited to television video frequencies as their use in these components results in 
improved performance at lower cost and with smaller space. 

In the standard broadcast receiver, the ferrospinels are expected to be used in the 
radio frequency circuits as " trimmers " and as permeability tuning cores. With a 
properly designed coil it is possible to tune a circuit, by the movement of a ferrospinel 
rod, from 500 to 3000 Kc/s, or to cover the standard American broadcast band (540 
to 1730 Kc/s) with only three eighths of an inch movement of the rod. 

By using a ferrospinel with a high electric resistivity as the core body for radio 
frequency inductances, the wire body may be placed on the ferrospinel without 
additional insulation. In fact, the conductor may be affixed by the printed circuit 
technique for some applications. 



SECTION 4 : MEDIUM WAVE-BAND COILS 

(t) Air-cored coils («) Iron-cored coils (iii) Permeability tuning (iv) Matching. 

(i) Air-cored coils 

With large diameter formers reasonable Q can be obtained on the broadcast band 
with air-cored solenoids. However in limited spaces, coils are wound with two or 
more pies or by progressive universal winding when high Q is required. The pro- 
gressive winding has the advantage of being less susceptible to inductance variation 
through careless handling or winding, and from the production point of view it is 
desirable because it can be wound without stopping. 

Although high Q is not necessary for broadcast band oscillator coils, it is desirable. 
Low Q tuned circuits need larger reaction windings which in turn give increased 
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phase shift in the voltage fed back from the plate into the grid circuit. Consequently 
an even larger reaction winding is required and the result may be reactance reflected 
into the secondary circuit which makes it impossible to tune the required range — 
if the police band (U.S.A.) is to be included. In any case the reflected reactance, 
which is a variable throughout the tuning range, complicates the tracking problem. 

A method of decreasing the coupling inductance required, which is applicable to 
progressive but not to ordinary universal windings, is to thread both secondary and 
primary wires together through the winding finger, wind the required number of 
primary turns, terminate the primary and proceed with the secondary winding until 
completed. This method is possible with progressive windings because of the gaps 
which occur throughout the winding, whereas with a normal universal winding there 
is no room for a primary between turns of the secondary. 

For r-f and particularly for aerial coils the need for high Q is greater. The sensi- 
tivity, signal-to-noise ratio and image ratio of a receiver are all governed by the aerial 
coil Q. 

Since the amount of wire used in an aerial coil secondary is so much less than in 
the i-f transformers it is often possible to use more expensive litz. 

Probably the most satisfactory method of coupling the aerial to the grid of the first 
valve (or the plate of the first valve to the grid of the second) is by means of a high 
impedance primary. This can take the form of a universal winding of the finest 
wire the machines will conveniently handle, wound at an appropriate distance from 
the secondary to give about 20% coupling (depending on the Q of the secondary, 
the amount of mistracking that can be tolerated, and the types of aerial expected to 
be used). In the case of progressive universal secondaries it sometimes happens that 
the primary must b^ wound as closely as possible to the secondary to obtain the re- 
quired degree of coupling. 

The primary should be resonated by its own self-capacitance, or by an additional 
capacitor, below the intermediate frequency so that no normal aerial can tune the 
primary to the intermediate frequency and so cause instability. A typical value of 
primary inductance is 1 mH and a 150 /i/xF capacitor would be suitable for use with it. 

To increase the aerial coil gain at the high frequency end of the broadcast band a 
capacitor of the order of 4 fi/xF might be used between aerial and grid of the first valve. 
Since the capacitor decreases image ratio at the same time as it increases sensitivity 
and signal-to-noise ratio, some requirement other than flat sensitivity across the 
broadcast band might be desirable. 

Similar considerations apply to the coupling of the r-f valve except that primary 
inductances are usually larger (say 4 mH) and their tuning capacitors may be increased 
in size until the gain is reduced to the required figure. 

The direction of connection for high impedance coils and oscillator coils is the same 
as that already detailed for i-f transformers ; the grid is connected to the end of the 
secondary further from the primary, to reduce capacitance coupling, and then, con- 
sidering the secondary and primary to be one tapped coil wound in the one direction, 
the aerial (or plate) is connected to the other extreme of the winding. 

(ii) Iron-cored coils 

The use of suitable iron cores greatly simplifies the problem of obtaining high Q 
windings. In fact, for any reasonable Q requirement it is only a matter of obtaining 
a suitable core. 

Whilst for a given Q and coil size a coil wound on an iron slug will be less affected 
by its surroundings than an air-cored coil, owing to the concentration of the flux in 
the core, high Q secondaries (e.g. 250) will be found to require very careful placement 
if serious Q losses are to be avoided, particularly at the high frequency end of the broad- 
cast band. Even an open circuited primary at the appropriate distance for correct 
coupling may noticeably decrease the Q. 

The primary should be wound on the opposite side of the secondary from the iron 
core, which will not pass completely through the secondary because of the necessity 
for leaving room for adjustment. Under these conditions movement of the core to 
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compensate for differences between individual receivers will not seriously affect the 
coupling between primary and secondary. 

To avoid losses due to adjacent components with high Q coils, iron cores can be 
used which completely enclose the winding. These cores give higher Q's than the 
more usual slugs with a similar winding and reduce the external field of the coil to 
such an extent that in extreme cases it may be difficult to obtain sufficient coupling 
between the secondary and an external high impedance winding. 

An advantage of using an iron core in the oscillator coil is that, apart from giving 
increased Q s it can greatly increase the coupling between primary and secondary, 
thereby decreasing the primary reactance for a given amount of coupling. 

(iii) Permeability tuning 

The increasing use of permeability tuning is an indication of the extent to which 
the design and production difficulties associated with this type of tuning are being 
overcome. 
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Fig. 11.5. Aerial coupling circuits used with permeability tuning. 

No gang condenser is needed, so that even with the added complication in the coil 
assembly a cheap broadcast band tuning unit is possible. Gang microphony is auto- 
matically eliminated, and a value of tuning capacitor can be chosen which will make the 
effects of, for instance, capacitance variations due to valve replacement negligible 
over the whole tuning range. This capacitor can be a low-loss type and it may be 
given a suitable temperature coefficient if desired. The space saving owing to the 
elimination of the tunhjg capacitor is appreciable, even taking into account the ad- 
ditional space required for the iron cores and their driving mechanism. 

By a suitable choice of coil and core constants the oscillator grid current can be 
maintained at or very close to the desired figure at all points in the broadcast band. 
Aerial coil gain can also be kept constant. 

One of the most serious troubles in the design of a permeability tuning unit is in 
obtaining satisfactory coupling between the aerial and the permeability-tuned aerial 
coil. If a normal primary is used the coupling variations with changing core position, 
as the coil is tuned over the broadcast band, are excessive. Similarly a tapped in- 
ductor can not be used because the core alters the coupling between the. two sections 
of the winding too much. Fig. 11. 5 A, B and C show three methods which have been 
used. 

The circuit of Fig. 11. 5A couples the aerial straight into the tuned circuit and gives 
good aerial coil gain when correctly aligned. However image rejection is poor and 
the detuning effect when different aerials are connected to the receiver is considerable. 

Improved image rejection is obtained from the circuit of Fig. 11. 5B but sensitivity 
is lost because much of the voltage developed across the tuned circuit is not applied 
between grid and cathode of the valve. 

Fig. 11. 5C gives a more satisfactory solution (Ref. A24). There is no inductive 
coupling between primary and permeability tuned secondary and the coupling between 
primary and coupling coil is unaffected by the core position. A constant gain of 
about three times over the band can be obtained from a coil with average effective 
Q of 100, with satisfactory image ratios across the band and reasonable freedom from 
detuning effects with different aerials. 
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The maintenance of correct calibrations in production receivers is a problem which 
concerns the designer of the iron dust core, but cores have been produced with per- 
meability consistent enough for station names for the whole broadcast band to be 
marked on the dial and used. 

Iron cores are available with sufficient variation in permeability for the complete 
broadcast band to be tuned. However if the police band is required and space for 
mounting the tuning unit is restricted (resulting in appreciable damping on the coil) 
the permeability requirements for the core are severe. 

The Colpitts oscillator circuit is suitable for use in permeability tuning units, and 
padding can be obtained by using a suitably shaped core for the oscillator coil. Alter- 
natively the oscillator coil can be wound in two series-connected sections, one with 
fixed inductance (or pre-tuned for alignment purposes) and the other with inductance 
varied by the moving core. Many receivers have been built with complete tracking 
i.e. a series inductor corresponding to the usual (parallel) trimmer, and a parallel 
inductor corresponding to the usual (series) padder. 

The rate of change of inductance with core movement does not give a linear relation- 
ship between tuning control and the frequency tuned unless special precautions are 
taken. Linearity, if required, can be obtained in two ways. The drive between 
tuning spindle and cores can include some type of worm or cam arranged to vary the 
speed of the drive in suitable parts of the tuning range, or the coils themselves can be 
progressive universal windings to give the same effect. Progressive universal coils 
lend themselves very well to this form of winding because the progression is provided 
by a screw thread and this can be cut with the pitch varied over the length of the 
winding to give the required tuning rate. 

An important drawback to permeability tuning is the difficulty involved in pro- 
viding coverage of a number of wavebands without complications which outweigh 
the saving of a tuning condenser. 

One simple method of adding short wave ranges to a broadcast band permeability 
tuner is to connect the broadcast coil in parallel with a short wave coil which is to be 
tuned. This gives satisfactory tuning but restricted bands. It is suitable for a band- 
spreading circuit but when every international short wave broadcasting band is to be 
covered, a large number of ranges is required. By designing a special short wave 
permeability tuner it is possible to cover the 6 to 18 Mc/is band in two ranges (Ref. 
A24). 

For more restricted ranges such as the F-M broadcasting band, permeability tuning 
is satisfactory provided that a suitable type of iron is available. Cores have been 
made which can be used in tuned circuits at 150 Mc/s without introducing undue loss. 

References All, A16, A20, A22, A23, A24, A34. 

(iv) Matching 

Methods of coil matching depend on the type of coil and to a certain extent upon 
the subsequent alignment procedure. 

Air-cored solenoids can be wound with a spacing towards the end of the winding 
equivalent to one turn. The inductance is then increased by sliding turns across 
the gap from the small end section to the main body of the coil, or decreased by sliding 
turns in the opposite direction. 

Air-cored pie-wound coils can be matched by pushing pies together to increase 
inductance, but the method has disadvantages. Firstly, the coils are liable to be 
damaged, even to the extent of collapsing completely, and secondly coils which are 
rigid enough to withstand the pushing without damage may have enough elasticity 
to return towards their original positions over a period of time, thus destroying the 
matching. If coils matched in this way are to be impregnated it is necessary to re- 
check (and readjust in many cases) after impregnation, and recheck again after flash 
dipping, if a reasonable degree of matching accuracy is to be maintained. 

Another method which has been used with air-cored coils is to wind each coil with 
slightly too much inductance, bake, impregnate and flash-dip the coil and then seal 
it in an aluminium can. A groove is then run in the can above the appropriate coil 
and the depth of the groove is increased until the inductance of the coil inside the 
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can is reduced to that of a standard. All production inductance variations can be 
absorbed in the matching process with insignificant Q loss. 

When iron cores are used, matching problems are much simplified. Even when the 
core is not threaded it can be pushed through a winding for inductance adjustment. 
With threaded cores the adjustment is so simple that in many cases the coils are not 
matched. Given correct calibrations and close tolerance padders in a complete re- 
ceiver, the oscillator coil trimming and padding can be adjusted to suit the calibration 
and the aerial coil trimming and padding to suit the oscillator with results which may 
even be (from the user's point of view) superior to those obtained from more com- 
plicated matching and alignment methods. 

When matching individual windings on formers containing two or more coils it is 
possible for errors to occur due to variations in windings other than the one being 
matched. For example an aerial coil secondary may be matched to the same induct- 
ance as a standard secondary but may be coupled to a primary with an inductance 
different from that used on the standard coil. Under operating conditions in a re- 
ceiver the two effective secondary inductances would be different. 

This difficulty can be overcome by suitable connection of associated coils during 
matching. Normally the best procedure is to short-circuit and earth coils which 
are not being matched, but on occasion it may be better to earth the cold end only. 



SECTION 5 : SHORT-WAVE COILS 

(*) Design (») Miscellaneous features. 

(i) Design* 

Much has been written on the subject of designing coils suitable for use on short 
waves. A number of references will be found at the end of this chapter. The work 
by Pollack, Harris and Siemens, and Barden and Grimes is very complete from the 
practical design viewpoint. The papers by Butterworth, Palermo and Grover, and 
Terman are basically theoretical. Austin has provided an excellent summary and 
practical interpretation of Butterworth's four papers. Medhurst's paper gives the 
results of measurements which in some cases disagree with Butterworth's theoretical 
values. For coils whose turns are widely spaced the measurements of high-frequency 
resistance are in good agreement but for closely-spaced coils the measured values are 
very considerably below those of Butterworth. Theoretical reasons are given for 
these differences. 

(A) Pollack (Ref. G4) summarizes the procedure for the optimum design of coils 
for frequencies from 4 to 25 Mc/s as follows : — 

1. Coil diameter and length of winding : Make as large as is consistent with the 
shield being used. The shield diameter should be twice the coil diameter, and the 
ends of the coil should not come within one diameter of the ends of the shield. 

2. A bakelite coil form with a shallow groove for the wire, and enamelled wire may 
be used with little loss in Q- The groove should not be any deeper than is necessary 
to give the requisite rigidity. The use of special coil form constructions and special 
materials does not appear to be justified (except for the reduction of frequency drift 
due to temperature changes). 

3. Number of turns : Calculate from 

N = VU102S + 45)/D 
where 5 = ratio of length to diameter of coil, 

D~ = diameter of coil in centimetres, 
and L = inductance in microhenrys. 

4. Wire size : Calculate from 

d = b/Ny/2 = optimum diameter in centimetres, 
where b = winding length in centimetres. 

*This is a revision and expansion of the chapter on this subject in the previous edition by L. G. 
Dobbie. 
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That is, the optimum wire diameter is \/y/2 times the winding pitch, measured from 
centre to centre of adjacent turns. 

(B) Harden and Grimes (Ref. G16) recommend for coils working near 15 Mc/s. 
that No. 14 or No. 16 A.W.G. enamelled wire on a form not less than one inch dia- 
meter at a winding pitch equal to twice the wire diameter is desirable. The screen 
diameter should be not less than twice the coil diameter. A comparison of coils of 
equal inductance on 0.5 in. and 1 in. forms in screens double the coil diameter in- 
dicates that the value of Q is twice as great for the larger diameter coil. No. 24 A.W.G. 
wire was used for the small diameter coil. 

(C) Harris and Siemens (Ref. G21) quote the following conclusions : — 

(1) Q increases with coil diameter. 

(2) Q increases with coil length, rapidly when the ratio of length to diameter is 
small, and very slowly when the length is equal to or greater than the diameter. 

(3) Optimum ratio of wire diameter to pitch is approximately 0.6 for any coil shape. 
Variation of Q with wire diameter is small in the vicinity of the optimum ratio ; hence, 
selection of the nearest standard gauge is satisfactory for practical purposes. 

(D) The shape of a coil necessary for minimum copper loss (from Butter- 
worth's paper) is stated by Austin (Ref. D7) as follows : — 

(1) Single layer solenoids : Winding length equal to one-third of the diameter. 

(2) Single layer discs (pancake) : Winding depth equal to one-quarter of the 
external diameter. 

(E) Butterworth's paper (Ref. Dl) deals with the copper loss resistance only, and 
insulation losses must be taken into account separately. Insulation losses are 
minimized by winding coils on low loss forms, using a form or shape factor which pro- 
vides the smallest possible self-capacitance with the lowest losses. Thus' air is the 
best separating medium for the individual turns, and the form should provide only 
the very nunimum of mechanical support. Multilayer windings in one pie have high 
self-capacitance due to proximity of the high and low potential ends of the winding. 
The same inductance obtained by several pies close together in series greatly reduces 
the self-capacitance and associated insulation losses. Heavy coatings of poor quality 
wax of high dielectric constant may introduce considerable losses. 

(F) In the section of Medhurst's paper (Ref. D6) dealing with h.f. resistance he 
states that so long as the wire diameter is less than one half of the distance between 
wire centres, Butterworth's values are applicable. An increasing error occurs as the 
ratio of wire diameter to distance between centres increases, the values being 190% 
too high when the ratio is 0.9. 

A graph is presented giving variation in optimum wire spacing with variation in 
the ratio of coil length to coil diameter (Fig. 11. 6A). 

It is shown that a good approximation to the high frequency Q of coils of the type 
measured is given by the simple expression 

Q = 0.15RfVf 
where R = mean radius of coil (cm), 

/ = frequency (c/s) 
and <A depends on the length/diameter and spacing ratios. 
A comprehensive table of V' values is presented. 

(G) M. V. Callender (Ref. D9) points out that Medhurst's formula for Q can be 
approximated within a few per cent by the equation 

Q = Vf/(6.9/R + 5.4//) 
where jR = radius of coil (cm) 
and / = length of coil (cm). 
An even simpler expression 

Q= 0.15V7/U/K + 1/0 
follows the data to a few per cent provided I > R. 

The range of conditions under which this formula applies is the same as that to 
which Medhurst's data refer : in particular — 
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(a) The ratio of wire diameter to wire spacing must approximate to the optimum 
shown in Fig. 11. 6A. 

(b) The formulae apply only for very high frequencies because of skin effect con- 
siderations. However the following table, giving the thinnest wire for which the 
formula applies within ± 10%, shows that most practical solenoids will be covered — 

/(Mc/s) 1.0 4.0 16 

wire 22 S.W.G. 28 S.W.G. 37 S.W.G. 

(c) The formulae do not hold for coils of very few turns (or extremely short coils).- 

(d) Dielectric loss is not allowed for. This is unlikely to be serious except where 
the coil has a rather poor dielectric (bakelite or worse) and is used in a circuit having 
a low parallel tuning capacitance. 
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FIG II 6A 

Variation of optimum spacing ratio with length /diameter (Ref. D6). 



COIL LENGTH / COIL DIAMETER 

Fig. 11.6A. 

(H) Meyerson (Refs. G3 and Gil) gives the results of measurements on a large 
number of coils tuned over a range between 25 and 60 Mc/s. The following informa- 
tion is obtained from his work : — 

(a) Q at any frequency within the band, and the frequency for maximum Q, both 
increase with an increase in wire size for a given coil diameter. 10 A.W.G. wire (the 
largest used) was nearly 10% better over the range than 12 A.W.G. wire on a one inch 
diameter former. 

(b) Maximum Q increases, and the frequency for maximum Q decreases, with an 
increase in coil diameter for a given wire size, number of turns and number of turns 
per inch. 

(c) The coil diameter required for highest Q throughout the tuning range decreases 
with increasing frequency for a given wire size, number of turns and number of turns 
per inch. 

(d) Maximum Q is obtained with a spacing between adjacent wires which is slightly 
greater than the bare wire diameter. 

(e) No variation in Q was detected between coils wound with bare wire, enamelled 
wire or silver plated wire. 

On the other hand, cotton covering decreased Q by as much as 5% at 50 Mc/s and 
annealing of the copper wire increased Q by less than one per cent. 

(I) In Refs. Gl-0 and G12 Meyerson gives details of work with frequency ranges 
between 60 and 120 Mc/s on the Q and frequency stability of inductors made of wire, 
tubing and strip in various shapes e.g. disc, hairpin, folded lines, etc. 

(J) Other points taken from various references are given below. Dielectric losses 
present in the self capacitance of the coil are reduced by altering the shape to separate 
the high potential end from ail low potential parts of the circuit. These losses become 
relatively more important the higher the frequency. Thus, the shape of a solenoid 
for minimum total losses may need to be increased beyond what would otherwise be 
the optimum length. 

The high frequency alternating field of a coil produces eddy currents in the metal 
of the wire, which are superimposed upon the desired flow of current. The first 
effect is for the current to concentrate at the outside surface of the conductor, leaving 
the interior relatively idle. In a coil where there are numbers of adjacent turns carry- 
ing current, each has a further influence upon its neighbour. 
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In turns near the centre of a solenoid the current concentrates on the surface of 
each turn where it is in contact with the form, i.e. at the minimum diameter. In 
turns at either end of a solenoid the maximum current density occurs near the 
minimum diameter of the conductor, but is displaced away from the centre of the 
coil. 

Thus most of the conductor is going to waste. Multi-strand or litz (litzendraht) 
wires have been developed to meet this difficulty. Several strands (5, 7, 9, 15 being 
common) are woven together, each being of small cross section and completely in- 
sulated by enamel and silk covering from its neighbours. Owing to the weaving of 
the strands, each wire carries a nearly similar share of the total current, which is now 
forced to flow through a larger effective cross section of copper. The former tendency 
towards concentration at one side of a solid conductor is decreased and the copper 
losses are correspondingly reduced. 

Litz wire is most effective at frequencies between 0.3 and 3 Mc/s. Outside of 
this range comparable results are usually possible with round wire of solid section, 
because at low frequencies " skin effect" steadily disappears while at high frequencies 
it is large even in the fine strands forming the litz wire, and is augmented by the use 
of strands having increased diameter. 

Screens placed around coils of all types at radio frequencies should be of non- 
magnetic good-conducting material to introduce the least losses. In other words, 
the Q of the screen considered as a single turn coil should be as high as possible. In 
addition, the coupling to the coil inside it should be low to minimize the screen losses 
reflected into the tuned circuit. For this reason the screen diameter should, if pos- 
sible, be at least double the outside diameter of the coil. A ratio smaller than 1 .6 to 1 
causes a large increase in losses due to the presence of the screen. 

The design of coils for use with iron core materials depends mainly upon the type 
of core material and the shape of the magnetic circuit proposed. Nearly closed core 
systems are sometimes used with high permeability low loss material. More com- 
monly, however, the core is in the form of a small cylindrical plug which may be 
moved by screw action along the axis of the coil and fills the space within the inside 
diameter of the form. The main function of the core in the latter case may be only 
to provide a means of tuning the circuit rather than of improving its Q. When im- 
provement in Q is possible with a suitable material, the maximum benefit is obtained 
by ensuring that the largest possible percentage of the total magnetic flux links with 
the core over as much of its path as possible ; the ultimate limit in this direction is 
of course the closed core. 

An excellent series of charts for the design of single-layer solenoids for a required 
inductance and Q is presented by A. I. Forbes Simpson in Ref. G17. These charts 
and the instructions for their use are reprinted by permission of " Electronic Engineer- 
ing " and the author (Figs. 11.7 to 11.13 inclusive). 

The use of the charts is simple and gives direct answers. As so many unascertain- 
able factors govern the final inductance of a coil in position, no attempt has been made 
to achieve an accuracy better than 1 per cent. The inductances indicated by the charts 
assume that the leads to the coil are of the same wire as the coil and perpendicular 
to it, and are each a coil diameter long. 

Coils of this form have a low self-capacitance which is largely independent of all 
save the coil diameter and to a lesser extent the wire gauge. 

The capacitance may be expressed as 
C = D(0.47 + a) fifiF 
where D is coil former diameter in cms. and a is a constant depending on the gauge 
of wire, lying between 0.065 for 42 S.W.G. and 0.11 for 12 S.W.G. wire, where one 
lead of the coil is connected to chassis. 

Use of charts 

The charts shown may be used as follows : 

If the desired Q is known, then reference to Fig. 11.8 will suggest a suitable diameter 
of former. 
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If, however, as great a Q as possible is required, 
then the largest possible former should be used 
unless the coil is to be sited in a can, in which case 
the diameter of the former should be less than one 
half of the internal diameter of the can and spaced 
from the end by the same amount or more. B 

When the diameter of the former is deter- I 
mined, reference should be made to the appro- .!_[__ — 
priate chart, and as shown in Fig. 11.7 the in- 
ductance intercept A corresponds to C which fig. II.6B 
gives the wire gauge (D) which gives the number 
of turns per inch for that gauge, and E the num- 
ber of turns required. 




Fig. 



11. 6B. Dimensions of 
referred to in text. 
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Fig. 11.7. Diagram to illus- 
trate use of charts (Ref. GY1), 



It will be seen that " even " gauges of wire have 
been used. If it is desired to use an " odd " gauge, 
a little simple geometry will soon give the result. 

The Q in air of a coil wound to this information, 
when tuned by capacitances between 45 and 500 iitiF 
may be read directly from Fig. 11.8. 

The Q values shown in the chart have been cor- 
rected for coil capacitance and are somewhat higher 
than those indicated by the usual Q meter. The 
accuracy of these curves is rather less than that of 
the inductance charts, but various values have been 
checked by several methods which have given sub- 
stantial agreement. 

Example 

As an example* of the use of the curves, suppose 
we have a variable condenser of 450 /x/xF swing and 
desire to find a coil with which it will tune from 
12 Mc/s to 4 Mc/s. If the total capacitance at 
12 Mc/s; be C /xxiF then 



(C + 450)/C = 12 2 /4 2 = 9 and C = 56.25 jxxiF 

L = 1/4t7 2 / 2 C 

in 12 io 6 

1U - 1U aH = 3.15 /xH. 

_ 4t7 2 x 12 2 x 10 12 x 56.25 p 

Inspecting Fig. 11.8 we see that the Q at 4 Mc/s. will he between 116 for £ in. and 
168 for a J in. former, while that at 12Mc/s. will he between 182 for a J in. and 265 
for 1 in. former. 

If we choose a f in. former we find that the line corresponding to this in Fig. 1 1 .10 
cuts the L line at a wire diameter of 0.025 in. This line intersects T.P.I. at 23.8 
and the " No. of turns " is 18.5 with a wire gauge of 22 S.W.G. 



Referring to Fig. 11.8— we find for L = 3.15 fiK : 
C/x/xF 45 100 200 400 

Q 212 195 175 150 

Z is readily obtained by writing Z = QyL/C. 



500 
142 



♦This example is presented in a different form from that in the original article. 
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If, however, we had used the £ in. former we would find that 18 turns of 26 S.W.G. 
at 37 T.P.I. would give 

C w? 45 100 200 400 500 

Q 181 165 147 123 117 

(ii) Miscellaneous features 
(A) Matching 

Short wave coils are frequently matched by altering the position of the last few turns 
on the former. This sometimes leads to damage to the coil, particularly if there is an 
interwound primary. 

An alternative method, which is applicable to coils terminated by passing the wire 
diametrically through the former, is to push sideways this terminating wire in the 
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Fig. 11.8. Q/L chart for obtaining suitable size of former (Ref. G17). 
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middle of the coil. In this way the last half turn of the coil can be increased almost 
to a complete turn or decreased to a small fraction of a turn. Both the first and last 
half turns on the coil can be treated in this way, thereby providing a possible induct- 
ance adjustment equivalent to approximately one complete turn of the winding. 
When matching short wave coils it is essential that associated primaries, and any other 
coils on the same former, be connected in a similar manner to their ultimate connection 
in the receiver, i.e. earthed ends of coils should be earthed, and hot ends either earthed 
or left open depending on which is more suitable. 
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Fig. 11.9. Optimum Q, £ in. former (Ref. Gl7). 
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Iron cores are widely used for adjusting the inductance of short wave coils. Be- 
cause at higher frequencies increased losses in cores offset the advantage of increased 
permeability, the cores in some cases do not increase the Q of a coil, but provide a 
convenient method of inductance adjustment. 

In shortwave oscillator coils an iron core also has the advantage of increasing the 
coupling between primary and secondary for a given winding. Thus increased grid 
current may be obtained although Q is not increased. 
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Fig. 11.10. Optimum Q, f in. former (Ref. Gil). 
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At frequencies of the order of 100 Mc/s the difficulties of manufacturing suitable 
iron cores are greater although they are made and used (Ref. A22) but it is compara- 
tively simple to wind air cored coils with a Q of say 300. Because of this, inductance 
adjustment can also be carried out by means of copper slugs which are adjusted in 
the field of the coil in the same way as are iron cores at lower frequencies. The slugs 
are sometimes silver plated to minimize losses, but on the other hand brass slugs are 
also used, apparently without undue losses. 
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(B) Self-capacitance 

To reduce capacitances in a coil with an interwound primary winding without 
noticeably decreasing the couplings it is possible — if the spacing factor of the secondary 
winding allows it — to wind the primary against the wire on the low potential side of 
each space between secondary wires. A definite advantage is gained from this method 
of winding and at the same time the cause of appreciable random deviations in coil 
capacitance is removed. 

It is usually advisable to start an interwound primary winding just outside a tuned 
secondary winding for a desired coupling with minimum secondary capacitance. 
Best results will probably be obtained with the primary started between one half 



100 r 




444.) | | ) 










rnTr4 
















90 - 














th / 


;- iZ -4tffi 


ijj 1 1 1 - 



































til 








iiJf / 


1! 


1 1 ■ 










70 - 
























































1 










! 




























I 


SO - 








~=:~-=l- 


















=1= 


40- 




I:: _ 


"~ |S: : ":" 


- if 


-j 




JiL 4 " 


: ~ .7 J-j.,|4 


















Ml 


-L\— : 
















































ilili 


































































ILL _+_ 






















.. _ _ 1 








jtti 
































jl 1 1 <j ' 


1 














IT 


































III'" 


/\9\. 








































































(4 Hi 



























+f - - 


j ' Hi 


f~ ■■ ■ 


! 




' nil 1 ' ' * 


i - - r~ — 






1 


* ~ 






t j ._ . jfi — _._ 


__ 




— 




- 1 












8 - 






t zz: .. ... 




















__ .HI::::./ 


r — 




•- 




" " If 












7 _ 


















1 






u~~ 


::::i::::^ 




|_ 
















6 - 






t , 








! 






±"""4 








II 












S - 


_!_»-. J _y 


X ' 


j^4|tM# 


_-^=_, 










4 i 




x . : .. r 


'--.- :_ nftj---^ - 


a^ 


U-*_ 


ffi|. 


■^"jSIh 








































"3t/- """ ~ 




















3 Z 


























































































i 






1 1 


11 


























1 1 


11 


























11 


ii in 


























1 


* 11 1 1 


























1 1 


1 iijjj. 


























III 


jiiiij 












t. 






} 7 "ftl "" 








Iff 


II 


















h 3 Tfr 1 






j 1 1 




i 




1 








- -lit - T-- 




















•v = 






.-0-U-.4 










111 












•9 - 






:5flr£:r: 






















•7 - 




























•6 _ 


z± 




- -■ ill 










rliTTi '"" _ 














;bl 






^.4. 




















■si 






= — -ffl- = --- 






















•4 = 




i:::: 


___ .m. ;_ 














E 


n 








~~l_- 














-- - 4j|f 










































t'~ 


1 


— 44-1 ■ 


- - 













































: 1 


..'"_ 


~ 


t| r " - 
















— 


±.. .... 


- J 


- --JU! 


































ill 




















"tn 




























"i :nt"::: 








rnfff 


S.W.G. II 
















» 12 J 14 1 


6 18 120 22 


_at 2<1 jj 


J»lH 
























trnjl 
















— 




... 




j|j||j 












•1 




1111 















200 



■08 



■05 -04 -03 



02 


•01 -008 


•005-004 -003 


■002 


■001 


WIRE 


DIAMETER IN 


INCHES 




FIG, 11.12 



Fig. 11.12. Optimum Q } f in. former (Ref. G17). 



11.5 



SHORT-WAVE COILS 



473 









RATIO 


OF CAN SIM 
IO 


/CO 

8 
1 1 1 | 


< 


DIAMETER 
5 S 4 

1 1 IN 1 1 1 1 1 1 


0j/ (circular can) 

3 2 

1 1 1 1 1 1 l l — l — I l i 


100 










^as 3i 


±—-4=44- 


— — 












< 1 1 ' , 1 






ftO 


























1 ! ' ' " ! | 


















! j | ; 


I t 
















i 




1 i , 






/ / 


60 






! 


1 


. l : ' 


; i 






1 J 






- 


- — 




Ll|:i..:L1l 


-:rt^- 








50 










— — — Tt 


- — — )_ , — . 

"1 1 ' — 






40 














III 1 












| ' 


























• 














'ill 






















1 i 1 




































! 


























^L 1/ 1 


















: : j 










20 




























' 


j 


i // 
















1 


! j h i 


1 // 
















! 


j j 1 : | ! 


[ // 








1 




1 


__4— +■— r* 


ILtX CAN 




in 




j 




1 




' ! '/ / ! 




































































-1- 






M> | 1 . 






■ 


< 




t 

D 
1 


+ 






_: ; -E 






— I — 




Ijl 








// f 




i 








. 


, I, , 1, 


#— 






— — 


s ) 








: ;■■;■; 


-//:-.—[- 












T 






, ; 


1 










! 




b : 












■ — . — i i — j~ * 








— 1 — 










! ' ! ! 




























J 
















3 < 






































± 


i 




' !''' // 


■ 




















■ j 


























: 












h°-H 




i •' 




■ i f ; l 


! | 










* e 












































Ji ' i ! 


\ ! i 




















: ; ■ ■ I 








































III i< < 


















ft 1 " ' ' ' 




















tl \\\\ 










































i 










T 






! ■ ; 


















V 


1 




















' ; 1 












_i- 


l-f. 






. , ._-, ; |. 








•5 






1— - 






T. ■ ~f= 














rr; 






















1 ! ' 1 i 


































1 ' ' ' 
































.3 










mi , i | 


| |"l 












































| i ; i 
















■ ■ 






























































: 


















! 




i 


















1 


i 


| 


| | 






















i 


i 


i 


H J 










•1 



10 8 6 5 4 3 2 I 

"RATIO OF CAN SIOE / COIL OIAMETER °f/0 (.SQUARE. CAN) 
The Reduction in Inductance of a Coil of Unity B/0 Ratio When Sited 

in a Screening Can FIG. 11.13 



Fig. 11.13. Effect of circular and square screening cans on inductance (Ref. G17). 



474 (ii) MISCELLANEOUS FEATURES 11.5 

and one and one half turns outside the cold end of the secondary, close spacing being 
used for parts of the primary outside the secondary and the external primary turns 
being wound as close to the last secondary turn as possible 

(C) Aerial primary windings 

On the 6 to 18 Mc/s short wave bands both interwound and external high imped- 
ance primaries are used. External primaries have the advantage of reducing the capac- 
itive coupling between the aerial and the grid of the first valve with the result that 
oscillator re-radiation from superheterodyne receivers is noticeably reduced. In 
addition, impulse interference is apparently decreased. The gain obtainable over a 
band of frequencies is at least as good as that with low impedance interwound primaries 
and the tracking troubles experienced when a particular aerial resonates an interwound 
primary within the band are not so likely to occur. 

A satisfactory method of winding for an external primary is to use a universal 
winding (perhaps 36 or 38 A.W.G. S.S.C.) with a small cam (1/10 inch or 1/16 inch) 
and space the primary as closely as possible to the cold end of the secondary. About 
25 turns on a 3/8 inch former would be suitable for the range from 6 to 18 Mc/s but 
final details must be determined in a receiver. Additional capacitance coupling will 
sometimes provide increased gain at the high frequency end of the band, although 
with the loss of some of the advantages oudined above. 

(D) Direction of windings 

For interwound oscillator coils the method of connection is the same as that pre- 
viously described — considering primary and secondary as one continuous tapped 
winding in the one direction, the grid is connected to the end of the secondary further 
from the primary (for a tuned grid oscillator) and the plate is connected to the other 
extreme, i.e. the end of the primary further from the grid connection. 

Interwound aerial and r-f coils are connected in the opposite sense, i.e. grid to end 
of secondary further from primary, and plate (or aerial) to end of primary closer to 
grid. 

External primaries are connected in the same sense as oscillator coils i.e. aerial 
and grid at extremes of the two windings when considered as one tapped winding in 
the same direction. Care is needed with short wave coil connections because second- 
ary and external primary are wound on different types of machines and may be wound 
in opposite directions. This necessitates reversing the connections to the primary 
winding. Examination of a coil will show that if the primary is moved from one 
end of the secondary to the other it will also be necessary to reverse the connections 
to the primary. 



SECTION 6 : RADIO-FREQUENCY CHOKES 

(i) Pie-wound chokes (ii) Other types. 

(i) Pie-wound chokes 

Radio frequency chokes are of two main types, those used above their main self- 
resonant frequency and those used below it. In either case the choke is normally 
required to have, over a range of frequencies, an impedance higher than some minimum 
value and a high reactance which does not have sudden changes in its value. The 
need for high impedance is obvious, and a constant value of reactance is necessary 
if the choke is in parallel with a ganged tuned circuit. 

At frequencies below its natural resonance the impedance of a choke is due to its 
inductive reactance, modified by the self-capacitance as shown in Sect. 2(i) of this 
chapter, and so increases with frequency until self-resonance is reached. The choke 
may have one or more resonances, series as well as parallel, as explained below, but 
above some high frequency its impedance is approximately equal to the reactance 
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of its self-capacitance, i.e. the impedance is inversely proportional to frequency and 
eventually reaches values low enough to render the choke useless. 

Thus to obtain high impedance over a wide band of frequencies a choke requires 
maximum inductance and minimum self-capacitance. For lower frequencies universal 
windings are used, usually split into two or more spaced pies with each pie as thin as 
possible for minimum self-capacitance. 

To keep the impedance high over a band of frequencies it is necessary to avoid any 
tuning of sections of the choke by other sections. A typical case of such tuning 
would occur in a r-f-c consisting of two pies of different sizes. The impedance- 
frequency curve of such a choke would show two maxima at the self-resonant fre- 
quencies of the two sections, but between these peaks there would be a serious drop 
in impedance at the frequency at which the inductive reactance of one pie became 
series resonant with the capacitive reactance of the other. At such a frequency there 
would also be a sudden change in the effective reactance of the choke which would 
give tracking errors. 

Series resonance of the type described occurs whenever pies with different self- 
resonant frequencies are connected together. To eliminate them it is not sufficient 
to wind several pies with the same numbers of turns because the effects of mutual 
inductance in different sections of the coil still give different self-resonant frequencies 
to adjacent pies. To avoid this, Miller (Ref. H6) recommends winding progressively 
smaller pies towards the centre of a multi-pie r-f-c to make the self resonant frequency 
of each pie the same. He gives figures which show a considerable increase in uni- 
formity of impedance over a range of frequencies when this method is adopted. 

In addition to the need for individual pies to be resonant at the same frequency, 
Wheeler (Ref. H5) gives the requirement (for two-pie chokes) that the pies should 
be connected so that mutual inductance opposes the self-inductance of the pies. 
This almost entirely removes minor resonances which occur at approximately har- 
monically related frequencies, and gives a very smooth curve of apparent capacitance 
for the r-f-c. The spacing between pies and the number of turns on the pies should 
be experimentally adjusted for best results with the choke located in the position in 
which it is to be used. 

(ii) Other types 

At high frequencies (above 10 Mc/s) self resonant chokes can be wound to give a 
high impedance over a reasonably wide band of frequencies. The winding length 
of such chokes for a given former diameter and wire size can be obtained from Ref. HI 
for frequencies between 10 and 100 Mc/s. 

In other cases it is necessary to design chokes for maximum impedance, i.e. maxi- 
mum inductance and minimum self-capacitance with a minimum of resistance. Such 
an application occurs in the battery input circuit of a vibrator unit. Solenoids have 
been used for this purpose but higher impedance can be obtained with pyramid wind- 
ing (say eight turns on the first layer, seven on the second and finishing with a top 
layer of one turn). 

Even better results are obtainable by using an iron core as a former, although the 
winding must be arranged in such a way that the iron core does not increase the self- 
capacitance unduly. 

Another application requiring a minimum-resistance r-f-c is a mains filter. Uni- 
versal windings of, say, 26 A.W.G. wire are used in some cases, but where better per- 
formance is required a wooden former of perhaps 2 inches diameter is used, and 
slots in the former are filled with jumble windings of heavy wire. 
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SECTION 7 : TROPIC PROOFING 

(*') General considerations («) Baking (tit) Impregnation (iv) Flash dipping 
(v) Materials. 

(i) General considerations 

The use of a suitable wax or varnish is not the only way in which the moisture 
resisting properties of a coil can be improved. The higher the impedance of a circuit, 
the greater the effect of a certain resistance in parallel with it. Thus a leakage be- 
tween coil terminals (or other appropriate parts of the circuit) due to moisture will have 
a greater effect on a high Q circuit than on a low Q one. Depending upon the im- 
portance attached to maintenance of performance in humid conditions, it may be de- 
sirable to use low impedance (low Q and low L) circuits even at the expense of an 
additional stage in a receiver. 

Another aspect of the question is that the moisture absorption of a coil is governed 
by its surface area. High Q coils usually have a larger surface (due to the use of pie- 
winding for instance) and thus are more liable to deteriorate rapidly under humid 
conditions. 

This has been demonstrated in a test in which two sets of coils were used. The 
first set consisted of 1 rnH coils wound in a single pie with a 3/8 in. cam, giving an 
initial Q of 75, the second set of 1 mH coils were wound with three pies and a 1/10 in. 
cam giving a Q of 145. Both sets of coils were baked, impregnated and flash dipped 
and then exposed to conditions of high humidity. At the end of one week the single 
pie windings had an average Q of 65, and the three pie windings an average Q of about 
60. As the test continued the improved performance of the single pie windings 
became even more marked. In addition the variations between individual coils 
were much less in the single pie windings, which may have been due to the more 
variable nature of the flash-dip on the three-pie windings. 

No coating or impregnating treatment for coils prevents moisture penetration if 
the exposure to high humidity is prolonged. On the other hand, some treatments 
will delay the ingress of moisture much longer than others — for instance the Q of a 
coil with a single flash-dip will fall much more rapidly than that of a coil which has 
been vacuum impregnated and flash-dipped twice. The corollary should not be 
overlooked ; after prolonged exposure to humidity the coil with a single flash dip 
will return to its original performance when the humidity is decreased more rapidly 
than will the other. Conditions of use determine requirements, but it cannot be 
taken for granted that the treatment which gives the slowest deterioration in Q is the 
best for all types of operation. 

Apart from maintaining Q, moisture proofing is also required to maintain insulation 
resistance between different windings or between windings and earth. This is 
particularly important in the case of interwound coils (e.g. an oscillator coil) in which 
one winding is earthed and the other is of fine wire with a d.c. potential applied to it. 
Leakage between the two windings in the presence of moisture can produce elec- 
trolysis and a consequent open-circuit in the fine wire. 

(it) Baking 

Irrespective of the moisture proofing treatment which is to be applied to a coil, 
the first requirement is to remove all moisture. This is done most conveniently 
by baking at a temperature above the boiling point of water. Materials used in coil 
winding are liable to be damaged at temperatures greatly in excess of lOO^C and a 
satisfactory oven temperature is from 105° to 110°C. 

The time required depends on the components being treated, and it is essential 
for all parts of a coil to be raised to oven temperature and maintained at that tempera- 
ture at least for a short time. Baking for a quarter of an hour is a minimum for simple 
coils, and half an hour is a more satisfactory time. 
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One detail of oven design which must not be overlooked is that provision must 
be made for removing the water vapour as it is expelled from the coils. A current 
of fresh air passing through the oven is satisfactory for this purpose. 

Whether the baking is followed by impregnation or flash-dipping only, the next 
process should begin before the coils have cooled. 

(iii) Impregnation 

Although vacuum impregnation gives the best penetration of the impregnant and 
best removal of moisture vapour and gas, a " soaking " treatment is often used and 
gives satisfactory results for commercial requirements. 

A typical soaking treatment calls for the coils to be immersed in wax which is main- 
tained at 105° to 110°C for a period of from one quarter to one half hour, depending 
on the type of winding, e.g. a thick universal winding needs more time than a spaced 
solenoid. In any case the coil should be left in the wax until no more bubbles are 
given off. 

The temperature of the wax-tank needs accurate adjustment as apart from damage 
to coils which may result if it is too high, the characteristics of the wax may be altered 
by excessive heating. 

Soaking in varnish (air-drying or oven-drying) is also possible but it is necessary 
to keep a close check on the viscosity. 

(iv) Flash-dipping 

Flash-dipping is commonly practised without impregnation and properly carried 
out it can be a satisfactory commercial treatment. The flash-dip should be of the 
same type of material as normally used for impregnation. 

A wax-tank for flash-dipping can conveniently be maintained at a lower tempera- 
ture than one for soaking, and a suitable temperature is one at which a skin of wax 
just develops on the surface of the tank on exposure to air. By keeping the top of 
the tank covered when not in use the skin will not be troublesome and it can readily 
be cleared away when necessary. 

With the wax temperature low, a thicker coating is obtained on the coil when dipped 
and the tendency for " blow-holes " to develop is minimized. This is partly due to 
the thicker coating and partly because the coil itself is heated less by the wax and so 
has less tendency to expel air through the coating of wax as it is setting. 

Once a hole has developed it is desirable to seal it with a hot instrument. To 
attempt to seal it with a second flash-dip usually results in failure as air is expelled 
through the hole in the first coat as the coil is warmed up and this punctures the 
second coating in the same place. 

If flash-dipping alone is used for moisture proofing a minimum treatment might 
be, first flash-dip, seal all blow-holes with wax, then second flash dip. 

Similar troubles are experienced with holes when varnish sealing is used. 

(v) Materials 

The first requirement for an impregnating compound is good moisture resistance. 
It is also important that its losses be low at the frequencies concerned, and it is quite 
possible to obtain impregnants which can be used without noticeably affecting the Q 
of the impregnated winding. 

Because it is usually desirable to have minimum self-capacitance in a coil, the dielec- 
tric constant should be low, and the temperature coefficient should also be known. 
Waxes can be obtained with dielectric constants having a negative temperature co- 
efficient and this is useful in offsetting the temperature coefficient of the coil itself, 
which is positive in all usual cases. 

Apart from the resistance of a moisture proofing compound to moisture absorption, 
its surface properties are important. A compound which does not wet easily is de- 
sirable and tests on moisture proofing should be designed to separate the effects of 
surface leakage from those of absorption. 
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Where flash-dipping only is carried out, some of the properties mentioned above 
are not of such importance but they cannot be ignored completely. 

Other points which must be considered when choosing a moisture-proofing com- 
pound are that it must be capable of maintaining its properties over the range of tem- 
peratures to which it is liable to be subjected. Melting of waxes is the trouble most 
likely to be encountered, but crazing (and the consequent admission of moisture) 
may be experienced at low temperatures. 

Waxes and varnishes do not themselves support fungus growth, but they are 
liable to collect coatings of dust which may do so. Suitable precautions to avoid 
this may be desirable. More important is the avoidance in coils as far as possible of 
materials which are subject to fungus attack. Some types of flexible tubing fall in 
this category and should not be used, and the same applies to some cheap coil former 
materials. The fabric covering of wires also may support fungi and should be com- 
pletely coated with the wax or varnish to avoid this occurrence. 
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SECTION 1 : INTRODUCTION 

(i) Voltage amplifiers 

A voltage amplifier is one in which the voltage gain is the criterion of performance. 
To be strictly correct it is not possible to have voltage without power since infinite 
impedance does not exist in amplifiers, but for all ordinary purposes a " voltage 
amplifier" is one in which a "voltage" output is required. Voltage amplifiers 
generally work into high impedances of the order of 1 megohm, but in certain cases 
lower load impedances are used and there is no sharp demarcation between " voltage " 
and "power" amplifiers. In cases where transformer coupling is used between 
stages, the secondary of the transformer may be loaded only by the grid input im- 
pedance of the following stage and the numerical value of the impedance may not be 
known. In such cases the transformer is usually designed to operate into an infinite 
impedance, and the effect of normal grid input impedances on the transformer is 
very slight compared with the primary loading. 

It is important to bear in mind the reversal in polarity which occurs in any valve 
when used as an amplifier with a load in the plate circuit. As a consequence, the 
a-f voltage from grid to plate is 

E av = E ak + E kP = E.£L + A) (1) 

where A is the voltage gain from grid to plate. 
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SECTION 2 : RESISTANCE-CAPACITANCE COUPLED TRIODES 

(0 Choice of operating conditions («) Coupling condenser (m) Cathode bias 
(iv) Fixed bias (v) Grid leak bias (vi) Plate voltage and current (vU) Gain and 
distortion at the mid-frequency (viii) Dynamic characteristics (ix) Maximum 
voltage output and distortion (x) Conversion factors with r.c.c. triodes (xi) Input 
impedance and Miller Effect (xii) Equivalent circuit of r.c.c. triode (xm) Voltage 
gain and phase shift (xiv) Comments on tabulated characteristics of resistance-coupled 
triodes. 

(i) Choice of operating conditions* (Fig. 12.1) 

Any triode may be used as a r.c.c. amplifier, but for most purposes the valves 
specially suitable for this application may be grouped : 

1. General purpose triodes with p from 15 to 50, and plate resistance from 
6000 to 10 000 ohms (with battery types somewhat inferior). These are also called 
" medium mu " triodes. 

2. High-mu triodes with \s. from 50 to 100, and plate resistances say from 50 000 
to 100 000 ohms. 

The load resistance (R L ) may be any value from a few ohms to many megohms, 
but for normal operation R L should never be less than twice the plate resistance at 
the operating point, with a higher value preferred. The load resistance should never 
be greater than the following grid resistance (R Bi ) and should preferably be not more 
than one quarter of R al . The following table is a good general guide, but capable 
of modification in special circumstances. 
Valve type — General purpose 

Following grid resistor— 0.22 to 1 0.22 

Load resistance 0.1 0.22 



High-mu 
0.47 
0.22 

or 0.47 



1 M.Q 
0.22 MQ 
0.47 MG 



. ' .Vis. 'b 



*r£> 



The optimum combination of R L and R„ 2 for maximum output voltage is covered 
in Sect. 2(ix). 

The plate supply voltage (E bb ) should „„..„. 

generally be as high as practicable pro- 
vided that the maximum ratings are not 
exceeded. Plate supply voltages up to 
300 volts are safe for use with all types of 
indirectly-heated valves unless otherwise 
stated. Somewhat higher supply voltages 
may be used with triodes provided that the 
designer ensures that, other than moment- 
tarily when switching on, the maximum 
plate voltage rating is not exceeded under 
any possible conditions. 

The input grid resistor (.R n ) should 
not normally exceed 1 megohm with in- 




^L 



Fig. 



12.1. Triode valve ( V t ) resistance- 
capacitance coupled to V z . 

directly-heated valves, although higher resistances are satisfactory with 1.4 volt 
battery valves. Higher grid resistances will not do damage to a r.c.c. triode, provided 
that the plate load resistance is not less than, say, 0.1 megohm with 300 volts plate 
supply, but the reverse grid current may be sufficient to shift the operating point into 
the region of distortion and lower gain. For this reason cathode bias is to be pre- 
ferred to fixed bias and the input grid resistor should not be higher th a n necessary, 
particularly with high-mu triodes — see (iv) below. For example, litde is gained by 
using a grid resistor having more than four times the resistance of the plate load re- 
sistor of the preceding stage. 

Values of input grid resistor in excess of 1 megohm may only be used satisfactorily 
in low-level pre-amplifier operation where the valve is one specially manufactured 
or tested for this class of service, under a specification which ensures that the reverse 
grid current is very low. With a maximum reverse grid current of 0.2 pA and with 

•See Chapter 3 Sect. l(iv) for valve ratings and their limiting effect on operation ; also (v) Recom- 
mended practice and operation. 
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fi not greater than 40, a grid resistor up to 5 megohms may be used, provided that the 
total resistance of the plate load resistor and the plate decoupling resistor is not less 
than 0.1 megohm. 

If grid-leak bias is used, R g may be from 5 to 10 megohms. 

The output grid resistor (i?, 2 ) may be the maximum recommended for the 
following stage by the valve manufacturers — usually 0.5 megohm for power valves 
with cathode bias — or as determined by eqn. (6) or (7) in Chapter 3 Sect. l(v)d. 
Lower values are desirable to reduce the effects of reverse grid current in the follow- 
ing stage, and there is no appreciable advantage in either gain or distortion through 
the use of a resistance greater than 4 R L . Calculation of the maximum grid resistance 
for use with power valves is covered in Chapter 13 Sect. 10(i). 

(ii) Coupling condenser 

The coupling condenser (C) may be selected to give the desired low frequency 
response. The loss of voltage due to C may be calculated by the use of a vector dia- 
gram or by the following equation, which applies to the circuit of Fig. 12.1 provided 
that the input resistance of V 2 is very high. 

EJE = R/\Z\ (la) 

where E g = signal voltage on grid of V t 
E = signal voltage across R L 
R = R g2 + r,R. L /(r 9 + Rj) 

or as an approximation, R fin R gt if the plate resistance of V x is 
smaii compareu witu R g2 ) 
\Z\ = magnitude of series impedance of R and C 

= *. /D2 l • -V 2 

v iV ~r -^ c 
and X c = 1/«C = 1/2-nfC. 

For example, if R = 1 megohm and / = 50 c/s, the following results will be ob- 
tained — 
db loss EJE XJR X c C 

1 0.891 0.51 0.51 megohm 0.006 24 /iF 

2 0.794 0.76 0.76 megohm 0.00419 /nF 

3 0.708 1.00 1.0 megohm 0.003 18 pF 
The phase angle shift is given by 

4 = tan- 1 1/wCR = tan- 1 l/2nfCR (lb) 
In certain cases a low value of C is adopted intentionally to reduce the response 

to hum arising from preceding stages. However, the use of a low coupling capacit- 
ance, when the following grid resistor is 0.5 megohm or more, increases the hum 
contributed by the following valve through the a.c. operation of its heater. A low 
coupling capacitance should therefore not be used on a low-level stage. In high 
fidelity amplifiers a fairly large value of C is generally adopted, thus not only improving 
the low frequency response but also reducing phase shift and possibly also improving 
the response to transients. However, excessively large values of C are undesirable. 
The following table gives the approximate values of C for certain selected con- 
ditions. Note that R must be as defined below eqn. (la). 

COUPLING CONDENSER 



Attenuation 1 db at 


12.5 


25 


50 


100 


200 c/s 


2 db at 


8.5 


17 


34 


67 


134 c/s 


3 db at 


6.5 


13 


26 


51 


102 c/s 


R = 10 000 ohms 


2.5 


1.25 


0.62 


0.31 


0.15 fiF 


50 000 ohms 


0.5 


0.25 


0.12 


0.06 


0.03 fiF 


100 000 ohms 


0.25 


0.12 


0.06 


0.03 


0.015 /*F 


0.25 megohm 


0.1 


0.05 


0.025 


0.012 


0.006 jjF 


0,5 megohm 


0.05 


0.025 


0.012 


0.006 


0.003 fiF 


1.0 megohm 


0.025 


0.012 


0.006 


0.003 


0.0015 jttF 


2 megohms 


0.012 


0.006 


0.003 


0.0015 


0.000 8 /*F 


5 megohms 


0.005 


0.002 5 


0.0012 


0.000 6 


0.000 3 nF 
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The effect of selected values of capacitance for R = 1 megohm is shown graphically 
in Fig. 4.36. These curves have an ultimate slope of 6 db/octave. 

A general curve of attenuation and phase shift is given in sub-section (xiii) below 
and Fig. 12.9. A Nomogram of transmission factor and phase shift is given by Ref. A2. 

(iii) Cathode bias 

(A) Cathode bias (Fig. 12.1) is generally preferable to fixed bias as it is largely 
self-compensating. The plate current flowing through R k produces a voltage drop 
which is smoothed out by C k and applied through R gl to the grid. The full voltage 
on the grid (in the absence of grid current) is 

E c = -7^* (lc) 

where I b = plate current in amperes 

and Ric = resistance of cathode resistor in ohms. 

If negative* grid current (e.g. gas or grid emission current) is flowing, the bias 
will be decreased by IJRm 
where I„ = direct grid current in microamperes (taken as positive) 

and R a i = resistance of grid resistor in megohms. 





























FIC. 


2.3A 














































































\o^ 


n 


















o 














: isff 






1 






-z-ci 




hH'.*< / ] 














^ 










+ 4- 


Spr 


1 




=■&= 












2 
















♦T-- 












Z 

o 


—t 


J5~ = : 


41 


W 








3 




















_(W^= 


roV?=- = 


£3 






















— « 


54 


=£■<£ 




5 






3ZE 


4 
































~~z 



300 900 

FREQUENCY C/S 



ipoo jpoo 



spoo iqpoo 



Fig. 12.3A. Frequency characteristics due to cathode by-pass condenser with general 

purpose triode having /* = 20, r P = 10,000 ohms, R L — 0.1 megohm, R gi — 0.5 

megohm, R k — 2700 ohms. 

If positive grid current is flowing the bias will be increased by I B R Bl . 

The cathode by-pass condenser C k is only fully effective at high frequencies, and 
it becomes increasingly ineffective as the frequency is decreased — under these con- 
ditions there is degeneration (negative current feedback — see Chapter 7). The 
effect of R k and C k on the voltage gain at any frequency is given by the equation 
\A' 



Vt 



1 + (coC*!**) 2 



+ 



R' +r, 



■]' 



+ (cuCJ?*) 2 



(2) 



where A' = stage voltage gain at frequency / with self bias resistor R k by-passed 
by condenser C k 
A = stage voltage gain with R k completely by-passed 

= mid-frequency voltage gain 
co = 2irf = 2n x frequency of input signal 

♦Also known as reverse grid current. 
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and 



r t 

Rg2 

R' 



= capacitance of by-pass condenser in farads 
= resistance of self bias resistor in ohms 

valve amplification factor at the operating point 
= valve plate resistance in ohms at the operating point 
= resistance of plate load resistor in ohms 
= resistance of following grid resistor in ohms 
= R L R ti /(R L + R B z). 
The derivation of eqn. (2) is given in Ref. Bll ; see also Refs. All, A13. 
The attenuation characteristics of a typical general-purpose triode with cathode 
bias are given in graphical form in Fig. 12.3A. It will be seen that all curves have 
the same shape, but are shifted bodily sideways depending on the value of C k . The 
maximum slope of the curves in Fig. 12.3A is 1.4 db/octave ; the slope does not 
normally exceed 3 db/octave when R k is the optimum value to provide bias. 
The limiting loss of gain at zero frequency due to R k is given by 



R' +r t 



R' + r, + (/x + 1)R* 
Examples of limiting loss of gain at zero frequency (based on equation 3) 



(3) 



Type 
6J5 
6Q7 
6SQ7 



R 

0.1MJ2 
0.25MJ2 
O.25M0 



Ro, 
0.5M.Q 
0.5MG 
0.5MG 



R' 
0.08MJQ 
0.17MG 
0.17MG 



R, 
2700 
3000 
3900 



18 

68 

100 



r * 
17 000 
70 000 
100 000 



A' I A 
0.65 
0.53 
0.40 



loss 
3.7 db 
5.5 db 
8.0 db 



*At operating point. 
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FIG. 12.38 

Fig. 12.3B. Universal attenuation curves with cathode bias {Ref. AW Part 4). 
Universal attenuation curves are given in Fig. 12.3B (Ref. All Part 4) in which 

r v + R 

R' = RiR 3 d(RL + ^»a) 
and X k = l/(o>Ci). 

(B) The phase angle shift is a maximum at the frequency where the slope of the 
attenuation characteristic is a maximum, and drops towards zero at zero frequency 
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and at higher audio frequencies. The maximum value for any normal r.c.c. amplifier 
does not exceed about 30°. 

Universal curves showing phase angle shift are given in Fig. 12.3C in which the 
symbols have the same meaning as in Fig. 12.3B. 

(C) Choice of cathode bias resistor 

The best method is to determine the grid voltage as for fixed bias — see (iv) below — 
and then to calculate R k . A fairly satisfactory approximation is to select R k by the 
following table. 







Low level 


Inter- 
mediate 
level 


High level 


A* 


Rg — Rk 


R, = 2R k 


12 to 25 
30 to 50 
70 to 100 


any 

any 

0.1 

0.22 

0.47 


R k = 0.25i? z //i 
R k = 0.5R L /fi 
R k = l.0R L /yi 
R k = 0.8R L /p 
R k = 0.65R L /fi 


0.5R L /fi 
0.7R L /fi 
1.2R L /ft 

0&R L /n 


0.6R L /n 
0.7R L /n 
\.2R L /n 
0.9R L /n 
0.75R L /fi 


O.SR L /fi 
0.9R L /n 
1.6R L /l* 
1.2R L / I i 
1.0R L /n 



Conditions : Plate supplv voltage 200 to 300 volts. Values of n are the published 
values. 

+6d* 
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Fig. 12.3C. Universal phase angle shift curves toith cathode bias (Ref. AW Part 4). 



(D) Cathode bias loadlines 

Cathode bias loadlines may be drawn on the plate characteristics as on the mutual 
characteristics [Chapter 2 Sect. 4(v) and Fig. 2.27] but they will no longer be straight 
lines. Fig. 12.4 shows the loadline and plate characteristics for a high-mu triode. 
The cathode bias loadline may very easily be plotted for any selected value of 2? to 
e.g. 10 000 ohms. In Fig. 12.4 each curve applies to increments of 0.5 volt in E a 
so that (with R k — 10 000 ohms) the successive increments of I b are 0.05 mA — 
E e = -0.5 -1 -1.5 -2 -2.5 -3 volts 

7 6 = 0.05 0.1 0.15 02 0.25 0.3 mA 

The intersection of the selected R k loadline with the R L loadline gives the operating 
point (Fig. 12.4). 

Alternatively, the intersection of the R L loadline with each grid curve may be 
marked with the corresponding value of R k ; e.g. in Fig, 12,4 at point A } E e = — 1.5 V 
and J 6 = 0.47 mA, therefore R k = (1.5/0.47) x 1000 = 3200 ohms. Similarly at 
point B, R k = 7800 ohms. If greater accuracy is required in detennining an in- 
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dividual point, the values of R k may be plotted against E es and the desired value may 
be selected. 

For greater accuracy, particularly with relatively high values of cathode resistance, 
the slope of the loadline in Fig. 12.4 should be that corresponding to (R L + R£. 

(E) Maximum grid resistance with cathode bias 

It may be shown that the maximum permissible grid resistance with cathode bias 
is greater than that with fixed bias, as indicated by the approximation : 

R g with cathode bias 

R a with fixed bias ** 1 + *<»*** (3a) 

where g md = slope of dynamic characteristic at operating point 



and 



En 
V- 

r„ 

R* 



(r, + R£) ~ (r, + Rj) 
= mutual conductance at operating point 
= amplification factor at operating point 
= plate resistance at operating point 
= cathode bias resistor. 



This ratio (eqn. 3a) is usually between 1.2 and 2 




FIG. 1 2.5 




200 300 

PLATE VOLTS 

Fig. 12 A. Plate characteristics of high-mu mode (6SQ7) with E bb = 400 volts and 
R L = 0.5 megohm. Cathode bias loadlines for selected values of cathode bias resistance 

(R k ) have been drawn in. 
Fig. 12.5. Resistance-capacitance coupled triode with fixed bias from voltage divider. 

(iv) Fixed bias 

(A) It is sometimes desired to operate the valve with fixed bias, either from a 
separate bias supply (battery or rectifier/filter combination) or from a voltage divider 
across the plate supply. Fig. 12.5 is an example of the latter, with i? x and R z forming 
a voltage divider. Here 



RJEbb + RiR^Ib 



andiJ, = 



(4) 



fli + K, ~ " z h + (E bb - Etd/Ri 
Condenser C fc is for by-passing R a but as R z may have a fairly low value, thus necessi- 
tating a large capacitance for C ki it is frequently economical to add R 3 and so permit 
a smaller value of C fc . In addition, CiR s forms a useful hum filter for the bias volt- 
age. 

(B) The optimum grid bias (—E e ) is a function of the input voltage ; the bias 

should be the minimum (kj which can be used without running into damping due to 

positive grid current, with a margin for differences between valves, together with a 

further margin (k^) to allow for the effects of reverse grid current in the grid resistor. 

If the input voltage is known, 

E e = 1.41 Ei + k x + h volts (5a) 

If the output voltage is known, 

E c = (1.41 EJA) + k x + k t volts (5b) 
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where E t = r.m.s. input voltage 

E = r.m.s. output voltage, from plate to cathode 
A — voltage gain of stage 
&x = 0.75 to 1.0 for high-mu indirectly heated valves* 

= 0.6 (approx.) for general purpose indirectly heated valves* 
= 0.25 (approx.) for battery valves* 

*2 ^ i'nn n' 1 " *° r high-mu valves 

1UU Ai 

3 R 
*** 1Aft 'p for general purpose valves. 

1UU it^ 
R gl = resistance of grid resistor (upper limit) 
and R L = resistance of plate load resistor (lower limit). 

These approximate values of k 2 are based on typical American manufacturing 
specifications for maximum grid current (limiting values), and on the assumption 
that the reverse grid current is proportionalf to the plate current. 

Values of k 2 are tabulated below for three typical conditions for a plate supply 
voltage of 250 volts. 
Case 1 : R ai = 1 megohm 

General purpose triode High-mu triode 

R L = 0.1 megohm k 2 = 0,31 k 2 = 0.75 volt 

R L = 0.22 megohm k 2 = 0.14 k 2 = 0.34 volt 

R L — 0.47 megohm k 2 = 0.07 k 2 = 0.16 volt 

The additional bias (& 2 ) provided to allow for the effect of reverse grid 
current is of no great consequence with general purpose triodes, but it is 
very serious with high-mu triodes 

Case 2 : R gl = 2R L , 

k t = 0.15 volt for high-mu triodes 

k a = 0.06 volt for general purpose triodes. 
Case 3 : R tl = AR L 

k a = 0.3 volt for high-mu triodes 

k s = 0.12 volt for general purpose triodes. 
Thus with general purpose triodes operated as fixed bias r.c.c. amplifiers, 
a grid resistor having a resistance of 1 megohm or even higher may be used without 
serious effects. However, it is always desirable to keep the resistance as low as 
practicable — not more than four times the resistance of the preceding plate load 
resistor, and not exceeding 1 megohm. 

If the effect of reverse grid current on the operating point is to be kept small in 
fixed-bias high-mu triodes, it is essential to use a grid resistor R Bl (that is, its own 
grid resistor) having a resistance not more than twice that of its plate load resistor. 
This will restrict the maximum change of bias to 0.15 volt (i.e. k 2 = 0.15 volt). For 
example a load resistance of 0.47 megohm will permit the use of a grid resistor of 
1 megohm, while a load resistance of 0.22 megohm will permit the use of a grid re- 
sistor of 0.47 megohm. 

(C) Cathode bias is preferable to fixed bias in that the shift of operating point 
due to reverse grid current is minimized. With general purpose triodes employing 
cathode bias there is no advantage in making any adjustment to the bias voltage as 
calculated for fixed bias (eqns. 5a, 5b) but with high-mu triodes employing cathode 
bias the value of k a may be taken as approximately 
5 R 
*2 ^ , n ft" n for high-mu valves with cathode bias. 

1UU J\. L 
Consequently, with high-mu triodes, the resistance of the grid resistor R gl may be 
made 1.5 times that with fixed bias for the same effect on the operating-point. 

•These values of k\ are only typical, and are likely to be exceeded by some vaives. In each case, a 
value should be determined for the valves being used. 

tThis is approximately true when the reverse grid current is nearly all due to ionization — see Ref. 
Gl, Fig. 1. 
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(D) Damping due to positive grid current 

It is shown in Chapter 2 Sect. 2(iii) that damping on the positive peaks of grid input 
voltage may be quite serious 5 even when the peak grid voltage does not reach the grid 
current " cross-over point." This damping on positive peaks introduces an object- 
tionable form of distortion which is particularly important when the preceding stage 
has high effective impedance (looking backwards from the grid of the stage being con- 
sidered) as, for example, with a high-mu triode or pentode. The damping at the 
positive peak of the input voltage is proportional to the grid conductance at this point, 
which value increases rapidly as soon as electrons commence to flow from cathode 
to grid, and even while the resultant grid current is still negative. 

If grid current damping is to be avoided, the grid bias must be increased sufficiently 
to avoid this region. 

(v) Grid leak bias 

If a grid resistor of 5 or 10 megohms is used, it is possible to obtain the grid bias 
for a high-mu triode by means of the voltage drop in R g [see Chapter 2 Sect 2(iii)]. 
This imposes damping on the input circuit due to the grid current, and the average 
input resistance is approximately R g /2. The distortion is approximately the same 
as with the optimum fixed bias, but the great advantage is that it accommodates itself 
to variations from valve to valve, while fixed bias is critical. 

It may also be used with general purpose triodes operating with input voltages not 
exceeding, say, 1 volt peak. 

|*^.«ms4 lanW Utnti io «*sv*~ «ra«n MM*rtV.1/» £n«. una TTTi+lt 1 /-fcTT7_1 Airal ^*v*"**=«T!r"!TO^^a* ,> \ ctlnnao f\ttriv*rv 

VJXXU XcclK Uldo xo UUL vwij auLlLcluiw lUi uow vtilu iun-iwvu ^£Sxv cuxx£sxxxxvxy ouxgwo wttxxx£ 

to hum. 



(vi) Plate voltage and current 

As discussed in Chapter 2 Sect. 3(i), the 
voltage on the plate is less than the supply 
voltage by the voltage drop in the load re- 
sistor. This is illustrated in Fig. 12.6 in 
which the loadline is fixed by the plate sup- 
ply voltage E bb and the load resistance R L . 
The quiescent operating point Q is fixed 
by the intersection of the loadline and the 
grid curve for E eU the bias voltage having 
been previously determined. Alternatively, 
the cathode bias loadline may be drawn by 
the method described above, thus de- 
termining the operating point. 

Having fixed Q, the quiescent plate cur- 
rent I bQ and plate voltage E b0 will auto- 
matically be fixed. If 



I x5B! 



FIG. 12.6 




IfcrMm £= 



I PLATE VOLTS (E b ) ' 

I Voltage Acreit Vat<tt_, Jfoltogt Acrou Lood _ I 
h * — "**• Rtsistw "* 

Fig. 12.6. Plate characteristics of r.c.c. 
triode with normal loadline AB, operating 
point Q, and working loadline EQF 
due to grid resistor shunting. 

I b0 = KI ms where K is a constant less than 1 and I m = E bb /R L , then 
E b0 = (1 — K)E bb . If K = 0.5, for example, then 

J&o — Wm = \E bb /R L and-Eft,, = %E bb ; in this case the voltage across the 
valve is equal to the voltage across the load resistor. In practices K may have values 
between about 0.25 and 0.85. 

Typical values of K are tabulated below 

Intermediate 
Low level level High level* 

General purpose triodes 0.75 — 0.85 0.6 — 0.75 0.5 — 0.6 
High-mu triodes 0.6 - 0.65 0.5 - 0.6 0.45 - 0.55(K L = 0.5MA) 

0.4 - 0.5 (R L = 0.25MA) 

*If R g% is less than 2R L , then the values of K for high level operation should be 
decreased. 
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Relation between K and cathode bias resistor 

Knowing K, it is possible to calculate R k or vice-versa : 

K ~ R L + *\ ^, <*> 

Relation between K and grid voltage 

E e <* [2^ - #(£ L + rME^/nRj). (6c) 

Eqns. (6a), (6b) and (6c) are exact for linear characteristics, but only approximate 
in practice. 

Example : p = 20, r„ = 10 000 ohms, R L = 0.1 megohm, E bb =250 volts 
/C = 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

E c = -12.5 -11.1 -9.7 -8.4 -7.0 -5.6 -4.3 -2.9 -1.5 -0.1 +1.25 

(vii) Gain and distortion at the mid-frequency 

The voltage gain at the mid-frequency is 

A _ ^X ill (f.A\ 

A ° ~ R L + r P (1/r,) + {1/Rj) ^ 

where there is no a.c. shunt load, and where p, g m and r„ are the values at the operating 
point, that is at the operating plate current. Alternatively this may be calculated 
from the loadline (Fig. 12.6) : 

A > = 2E el (6e) 

where E b2 is plate voltage corresponding to negative peak grid signal voltage 
E bl is plate voltage corresponding to positive peak grid signal voltage 
and Ed is peak grid signal voltage. 

When there is a following grid resistor R Bt , the loadline must be rotated about 
Q to a new position EQF with a slope of —{\/R L + 1/R f ^). The voltage gain for 
the same input voltage is then 

At E b j — E b i 

A = 2E el (6f) 

which may be shown by the equivalent circuit [see (xii) below] to be 

A = 1/r, + l/R^ + l/R Bt (7) 

also A'! A = R a2 /(R + R ei ) (8) 

where R = RjirJ^Rj^ + r P ) 
and g m and r, are the values at the operating point. 

In practice, the new loadline EQF extends downwards with point F in the region 
of increasing distortion, and in the extreme case plate current cut-off may occur. 
This effect may be avoided by reducing the input voltage so that the output voltage 
will be 

RodiRi, + Re*) x output voltage without shunting (9) 

Gain in terms of g m and g v 

Equation (6d) may be put into the alternative form 

A > - rrfer <98) 

where g 9 = plate conductance at the operating point = 1/r,. 
When there is a following grid resistor R tt the gain is given by 

where R = R L R„ t /(R L + R eS ). 

The values of g m and g v may be derived from " G " curves (e.g. see Fig. 13.9B). 
By this means the actual values of g m and g v at the operating point may be determined 
with a good degree of accuracy without any assumptions or manipulations (Ref. A15). 
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Distortion 

The percentage second harmonic distortion — see Chapter 13 Sect. 2(i) — is given by 
EQ - OF 

h M = *eqTqf) x ™ (10) 

(viii) Dynamic characteristics 

The dynamic characteristic of a resistance-loaded triode is described in Chapter 2 
Sect. 3(i) and Fig. 2.19. In shape it closely resembles the dynamic characteristic 
of a resistance-loaded pentode, and a comparison between the two is made in Sect. 
3(viii) below and Fig. 12.15. With the triode dynamic characteristic the greater 
part or the whole of the " top bend " is in the grid current region and therefore can- 
not be used. The most nearly straight portion is therefore that of minimum bias. 

An " ideal " (linear) dynamic characteristic of a general purpose triode is shown in 
Fig. 12.7A. It is limited at the lower end by plate-current cut-off at A, while the 
other end is in the grid current region. The usable part extends from A to G, but 
in reality the lower part is curved, and is avoided as far as possible. The upper end 
(GB) is also curved, but as this is in the grid current region it cannot be used in any 
case. The curves are to scale for p = 20, r, = 10 000 ohms, R L = 0.1 megohm 
and E bb = 250 volts. 
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FIG. 12.7 

Fig. 12.7. " Ideal " linear dynamic characteristics (A) for general purpose triode 
with /x = 20, r„ = 10 000 ohms, R L = 0.1 megohm and E bb = 250 volts ; (£) for 
Jngh-mu triode with p = 100, r v = 0.1 megohm, Ri = 0.25 megohm and E bb = 250 

volts. 

Point C at E e = has a plate current I bl = E b b /(R L + r„) which in this case is 
0.91 E bb /R L , This point and point A may be used as the two basic points for plotting 
the loadline. Alternatively, point B may be plotted, since FB = E bb /g m R L . Point 
G is the commencement of grid current (E e = — 0.5 volt) and in this case its 7 62 = 
0.86 E bb /R L . The highest operating point cannot exceed 0.85 E bb /R L , and this is 
only possible for extremely small input voltages. The lowest useful operating point 
(for high-level operation) is D, which is the mid point of AG, with I M = 0.43 E b b /R L . 
Thus the operating point must be within the limits 0.43 and 0:85 X E bb /R L . 

The dynamic characteristic in Fig. 12.7B applies to a high mu triode with p =. 100, 
r„ = 0.1 megohm, R L = 0.25 megohm and E bb = 250 volts. The grid current 
is taken as commencing at E e = — 0.75 volt. The usable part of the characteristic 
extends from A to G, and the operating point must be within the limits 0.25 and 0.5 
multiplied by E bb /R L , The upper limit would be somewhat extended if the load 
resistance were increased to 0.5 megohm. 

(ix) Maximum output voltage and distortion 

It is difficult to lay down any limit to the maximum voltage output, since over- 
loading occurs very gradually. It is assumed that in all cases the grid bias is sufficient 
to avoid positive grid current. 
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An approximate method for determining the conditions for maximum output 
voltage are given by Diamond (Ref. A16). In Fig. 12.7C, the tangent FCA at E c = 
cuts the voltage axis at F where E b = e x . The dynamic loadline AQD corresponds 
to R L in parallel with the following grid resistor R gi . Point B is predetermined by 
the minimum plate current permissible on account of distortion (/„<„). 

The optimum value of R L is given by 

R L & T— ; , 

and the maximum value of peak-to-peak voltage swing is then 

1 - 8 

E f*(E bb - e x ) x + (1/x) + 2(g + ^YTvTx) 

where r v — plate resistance at point C (as given by slope of FC) 
8 = Imi n r P /(E bb — e-d 
x = R„Jr v 

" positive " swing _ GK 
y — total swing GH 

E bb = plate supply voltage 
E = peak-to-peak total voltage swing = GH 
and e% = plate voltage corresponding to intersection of tangent FC with voltage 
axis. 
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Fig. 12.7C. 



Approximate method for determining conditions for maximum output 
voltage (Ref. A16). 

The value of y for low distortion in a single valve is 0.5 ; values appreciably higher 
than 0.5 are possible with push-pull operation. The value of e x is a function of the 
valve characteristics, the load resistance and the plate supply voltage ; it is usually 
less than 10 volts for R L not less than 0.1 megohm and E bb not greater than 300 volts. 

Example : Type 6J5, r„ = 10 000 ohms, e x = 5 volts, E b b = 250 volts, R a2 = 0.5 
megohm, I min = 0.2 mA, y = 0.5. We obtain x = 50, 8 = 0.008 17, y/x = 0.01, 
and from the equations, R L i=« 70 000 ohms optimum ; E = 186 volts peak-to-peak. 

Output voltage and distortion 

The maximum output voltage for a general purpose triode (e.g. type 6J5) for 14% 
intermodulation distortion* and E b b from 180 to 300 volts is given approximately by : 
Load resistance Following grid Maximum output 

resistance voltage r.m.s. 

0.1 megohm 



0.25 megohm 



0.1 megohm 


0.155 


x E bb 


0.2 megohm 


0.19 


x E bb 


0.4 megohm 


0.215 


x E bb 


0.25 megohm 


0.20 


X i?&& 


0.5 megohm 


0.24 


x E bh 


1 .0 megohm 


0.27 


x E bb 



•For details of intermodulation distortion see Chapter 14 Sect. 3. 



12.2 (ix) MAXIMUM OUTPUT VOLTAGE AND DISTORTION 493 

For lower values of I.M. distortion, the preceding values of maximum output 
voltage should be multiplied by : 

LM. R L = 0.1 megohm R L = 0.25 megohm 

10% Factor = 0.8 Factor = 0.72 

5% 0.48 0.36 

2.5% 0.26 0.18 

With a high-mu triode the voltage output for 14% intermodulation distortion is 
only about 0.17 E bb to 0.21 E bb for R L = 0.25 and R g2 = 0.5 megohm. 

Note that with intermodulation distortion the ouput voltage is taken as the arith- 
metical sum of the component voltages — see Chapter 14 Sect. 3(ii). 

The intermodulation distortion of a triode and a pentode are compared in Fig. 
12.16A [Sect. 3(ix)]. At low output voltages the pentode gives less distortion while 
at high output voltages the triode gives less distortion. The triode is, however, less 
critical than the pentode, and the distortion increases at a lower rate than with the 
pentode when the bias is made more negative than the optimum value. 

(x) Conversion factors with r.c.c. triodes 

Some valve manufacturers publish values of /*, g m and r v plotted against plate 
current. These may be used fairly accurately under any conditions of plate or grid 
voltage. 

If these are not available : 

1. The amplification factor is nearly constant. In most high-mu triodes it 
drops about 5% to 10% (15% for types 6SL7-GT and 5691) as I b is reduced to 
0.25 mA, while in general purpose triodes it drops about 15% as I b is reduced to 1 mA. 

2. The mutual conductance is largely a function of the plate current and is given 
by the approximate equation 

g m & Fg m0 (11a) 

where g m = desired mutual conductance at any operating point with plate current I b 

gmo = published mutual conductance at plate current I b0 
and F is given by t he follow ing table based on the equation 

I b /I bQ 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

F 1.0 0.97 0.93 0.89 0.84 0.79 0.74 0.67 0.58 0.46 

Alternatively, if the gain with resistance-coupled operation is known, the mutual 
conductance at the operating point may be calculated from 
_ /* x voltage gain 
8m ~ R([t - voltage gain) ( ' 

where R = R L R 3 /(R^ + R g ), 

and \h = amplification factor at the operating point. 

3. The plate resistance may be calculated from r v = ./*/£,». It is approximately 
equal to r Pl $I b0 /I b . 

(xi) Input impedance and Miller Effect 

In the amplifier of Fig. 12.1 the grid to plate capacitance C gv has impressed across 
it a voltage {A + l)E t where A is the voltage gain of V x . The current flowing 
through C ai) is therefore (A + 1) times the current which would flow through the 
same capacitance when connected from grid to cathode. This is one example of the 
Miller Effect which occurs in all amplifiers. For example take type 6SQ7 high-mu 
triode with C„„ =? 1.6 /x/*F and A = 62. The effective input capacitance due to 
C B „ alone is therefore 63 x 1.6 = 101 ppF. 

The total input capacitance also includes the capacitance from grid to cathode plus 
{A + 1) times any stray capacitance from grid to plate. 

If the plate load is partially reactive the input impedance is equivalent to a capacit- 
ance C and a resistance R' in parallel from grid to cathode, 

where C = C tk + (1 + A cos <f>) C tP (12) 

R' = - 1/(2*/ C B1) A shift (13) 
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and </> = angle by which die voltage across the load impedance leads the equival- 
ent voltage acting in the plate circuit (^ will be positive for an inductive load and 
negative for a capacitive load) 

When the load is capacitive, as usually with a r.c.c. amplifier, R' is positive and 
there is some slight additional loading of the input circuit. When the load is induc- 
tive, R' is negative and self oscillation may occur in an extreme case. 

(xii) Equivalent circuit of r.c.c. triode 

The exact a.c. equivalent circuit of a r.c.c. triode is given in Fig. 12.8 where the 
valve Vx is replaced by a generator of voltage /*£? 4 in series with r P . The plate load 
resistor R L is shunted by C , which includes the valve output capacitance plus stray 
capacitance. The grid resistor of V z is shunted by C ( which includes the input 
capacitance of V 2 (including the Miller Effect capacitance from the plate) plus stray 
capacitance. Any additional condenser connected from plate or grid to earth should 
be added to C or C t respectively. 



Fig. 12.8. Exact equivalent circuit 
of r.c.c. triode. 




The cathode bias resistor is here assumed to be adequately by-passed at all signal 
frequencies. 

This equivalent circuit is the basis of the calculations of gain and phase angle 
shift at all frequencies. 

(xiii) Voltage gain and phase shift 

It has been shown by Luck and others that the voltage gain/frequency characteristic 
of a r.c.c. amplifier has the same mathematical form as a tuned circuit except that 
the Q is very low (never greater than 0.5). There is a mid-frequency at which the 
gain is a maximum (A ) and the phase shift zero. At both lower and higher fre- 
quencies the gain falls off, and when the gain is ^ /V2*the absolute values of the 
resistive and reactive components are equal. These two reference frequencies, which 
correspond approximately to 3 db attenuation, are the basic points on the attenuation 
characteristics, and, with the mid-frequency gain A 0) are sufficient to determine the 
whole frequency characteristic. The value of Q is given by 

Q =/«/(/■» -fa) (14) 

where /„ = mid-frequency (at which voltage gain is A ) 

f b = (high) reference frequency at which voltage gain is 0.707 A 
and /„ = (low) reference frequency at which voltage gain is 0.707 A . 
The low reference frequency /„ is given by 

/„ = l/2nCR' (15) 

where R' = R„ + r^/fr, + R L ) 
and the constants are as in Fig. 12.8. 

The high reference frequency (/ s ) is given by 

f b = 1/2tt(C + d)R" (16) 

where R" = rji^/^r^j^ + rjt, + R L R t ). 

When/ and/j, have been determined, the attenuation at any other frequency may 
be found by reference to Fig. 12.9A. 

The phase shift at any frequency may be determined from Fig. 12.9B ; the phase 
shift at/„ and/* is 45° leading and lagging respectively. 

Alternatively, if the low reference frequency is known, the gain at any frequency 
/ is given by (Ref. Fl) : 
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Fig. 12.9(A). Attenuation in decibels for r.c.c. triode at low and high frequencies 
(B) Phase shift at low and high frequencies. Values of phase shift for frequencies beyond 
the limits of the curves may be estimated with reasonable accuracy by taking the angle 
as proportional or inversely proportional to the frequency. 



gain at frequency / 



= cos tan 



,ll 



(17) 



(18) 



(19) 



gain at mid-frequency / 

while the phase angle shift is given by 

tan <f> = f a /f 
where f a = low reference frequency (3 db attenuation). 

Similarly if the high reference frequency is known, the gain at any frequency / 

is given by 

gain at frequency f f 

— : rj-r- = cos tan -1 7— 

gain at mid-frequency f b 

while the phase angle shift is given by 

tanf = ///„ (20) 

where f b — high reference frequency (3 db attenuation). 

(xiv) Comments on tabulated characteristics of resistance-coupled 
triodes 

Published operating characteristics of resistance-coupled triodes (unless the test 
conditions are specified) appear to be taken under test conditions With a low source 
impedance, a low d.c. resistance between grid and cathode, and a small value of posi- 
tive grid current. When this is so, they cannot be applied directly to the normal prac- 
tical case where there is a high resistance d.c. path between grid and cathode, and 
where the source impedance may be high. The usual value of total harmonic distor- 
tion, unless otherwise specified, appears to be about 5% under the conditions of test 
(Ref. A17). 

In a practical resistance-coupled amplifier the maximum output voltage for 5% total 
harmonic distortion will be less than the tabulated value, depending on the source 
impedance and the d.c. resistance from grid to cathode, in the presence of grid-circuit 
damping. This damping is caused, not only by positive grid current, but also by 
the grid input conductance which, on the extreme tip of the positive peaks, may be 
appreciable. See page 20 under Grid variational conductance and page 489 under 
Damping due to positive grid current. 

Thus, for any practical amplifier, the tabulated maximum output voltage is mis- 
leading, and a lower value should be used for design purposes. In addition, there 
will be a slight effect on the gain. 
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SECTION 3 : RESISTANCE-CAPACITANCE COUPLED PEN- 
TODES 

(t) Choice of operating conditions (ii) Coupling condenser (Hi) Screen by-pass 
(iv) Cathode bias (v) Fixed bias (is) Dynamic characteristics of pentodes (vii) Gain 
at the mid-frequency (viii) Dynamic characteristics of pentodes and comparison with 
triodes (ix) Maximum voltage output and distortion (x) Conversion factors with 
r.c.c. pentodes (xi) Equivalent circuit of r.c.c. pentode (xii) Voltage gain and phase 
shift (xiii) Screen loadlines (xiv) Combined screen and cathode load-lines and the 
effect of tolerances (xv) Remote cut-off pentodes as r.c.c. amplifiers (xvi) Multigrid 
valves as r.c.c. amplifiers (xvii) Special applications (xviii) Comments on tabulated 
characteristics of resistance-coupled pentodes. 

(i) Choice of operating conditions 

A r.c.c. pentode may be treated as a special case of a r.c.c. triode, and many features 
are common to both provided that the necessary adjustments are made for the differ- 
ences in fi, g m and r v . 

The load resistance (R L ) may be any value from a few ohms to many megohms, 
but for normal operation it is generally from 0.1 to 0.5 megohm. Lower values are 
used when a reduction in gain or an extended high frequency response is desirable, 
or when some form of tone correction is intended. Higher values are occasionally 
used for special applications, but the frequency response is seriously limited unless 
negative voltage feedback is used. The load resistance should never be greater than 
the following grid resistor (R B2 ) and should preferably be not more than one quarter 
of JR, 2 . The choice of load resistance has only a small effect on the distortion, lower 
values of R L (of the order of 0.1 megohm) being somewhat better in this respect. 

Plate supply voltage : As for triodes. 

Screen supply : A series resistor from the plate supply voltage is generally pre- 
ferred. Valves in which the screen current has wide tolerances (e.g. some remote 
cut-off types and most tetrodes) should be supplied from a voltage divider. 

Following grid resistor : As for triodes. 

Input grid resistor : As for triodes. * 

(ii) Coupling condenser 

The triode formulae and curves in Sect. 2(ii) may be used except that R may be 
taken as being approximately equal to R„ 2 + R L . See Sea. 3(x) below for more 
accurate calculations involving r v . 

(iii) Screen by-pass 

For normal performance it is necessary for the screen to be adequately by-passed 
to the cathode. In practice this is usually obtained by by-passing from screen to 
earth and also from earth to cathode, the value of C k being normally much larger 
than C, (Fig. 12.10). 



Fig. 12.10. Circuit of resistance- 
capacitance coupled pentode with 
screen dropping resistor and cathode 
bias. 





&;Hli=f \ 



The effect of incomplete screen by-passing on gain is given by eqn= (1) on the 
assumption of complete cathode by-passing (Fig. 12.10), the derivation being given 
in Ref. B3 (see also Refs. All, A12, A13, B2). 
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V 5 



i?» 



(1) 



B 2 + R, 2 a 2 C, 2 

where A' = stage voltage gain at frequency / with screen resistor R, by-passed by 
condenser C s 
A = stage voltage gain with R„ completely by-passed 
= mid-frequency voltage gain 

w = 2nf 

5^ H n , D , , = 1 H (la) 

miit (1 + R L /r„) m\i t 

m = I b /I C 2 (assumed constant) 

g m = mutual conductance at operating plate current [see Sect. 3(vii)] 

g md = slope of dynamic characteristic at operating plate current 

aud \i t = triode mu (with screen tied to plate). 

If the screen voltage is obtained from a voltage divider (R 1} R 2 ) then R, should be 

a ken as R^/XRi + R*). 

o 




FIG.I2Hl(A) 
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T 1 1 1 I I I I I T 1 1 1 MOVING SCALE 

50 100 500 

FREQUENCY C/S 
Fig. 12.11A. Curves for the frequency response of a resistance-coupled pentode 
vrith screen dropping resistor R„ and screen by-pass reactance X s (= 1/coC,). 
The value of B is given by eqn. (la). The frequency for R s /X s = 1 is given by 
f = 1/2it RsC,. The frequency scale should be traced, and the tracing moved hori- 
zontally until f corresponds to R s /X, = 1 (method after Sturley). 

Eqn. (1) is plotted in Fig. 12.11 A for selected values of B versus R s /X s which is 
equal to 2-nfR a C s and therefore proportional to the frequency. 

For most purposes it is sufficient to use the approximation, for a loss not exceeding 
1 db at a frequency / : 

C 3 *» B/vfR. (2) 

where B ^ 1 + R>g m lmv>-t 
and m = J b /I e 2- 

For example, type 6J7 with R L = 0.25, R 3 = 1.5 megohms, g m = 850 /imhos, 
fi t = 20 and m = 4 has B as 16.5. For 1 db attenuation at / = 50 c/s, C s pu 0.07 /uF. 

The limiting loss of voltage gain at very low frequencies is 1/B ; in the example 
above this is 0.06 (i.e. 24.3 db). If the screen had been supplied from a voltage divider, 
the loss of gain at very low frequencies would have been much less. 
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An unbypassed screen resistor of g m r, ohms gives the same degree of degeneration 
as a 1 ohm cathode resistor 
where r, = dynamic screen resistance (de t /di,) 
«» triode plate resistance. 
For example, when g m = 2000 micromhos and r, = 10 000 ohms, an unbypassed 
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Fig. 12.11B. Phase angle displacement corresponding to Fig. 12.11A. 
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tig. 12.11U. Magnitude and phase of factor for use in Fig. 12.11D (JRef. A12). 
Reprinted by permission from RADIO ENGINEERS' HANDBOOK by F. E. 
Terman, copyrighted in 1943, McGraw-Hill Book Company Inc. 
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screen resistor of 20 ohms will give the same degree of degeneration as a 1 ohm cathode 
resistor. 

The effect of the screen by-pass capacitance on phase shift is indicated by Fig, 
12.1 IB. Under normal conditions with a high resistance dropping resistor, the 
angle does not exceed 65°. This angle may be considerably reduced by reducing 
the effective value of R„, as for example with a voltage divider. Such action is norm- 
ally only necessary with negative feedback. 

(iv) Cathode bias 

(A) Effect of incomplete by-passing on gain 

Provided that the screen is adequately by-passed at all frequencies of operation, 
the procedure is as for triodes (Sect. 2) except that the d.c. current flowing through 



(lag) 
-80° -60° -40° -20° 



(Lead) 
+ 40 6 +60° 




-80° -60 
(Log) 



-40° -20° +20° +40° +60 c 
Phase Shift of Output (Lead) 



+80° 



FIG. I2.IIO 



Fig. 12.1 ID. Curves from which the loss in gain and phase shift of output at low 
frequencies resulting from resistance-condenser bias impedance R f C f can be calculated 
in a resistance-coupled amplifier for the general case where both screen and bias 
impedances are cf importance (Ref. A12). Reprinted by permission from RADIO 
ENGINEERS' HANDBOOK by F. E. Terman, copyrighted in 1943, McGraw-Hill 
Book Company Inc. 
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R k is now /* = I b + la- The effect of R k and C K on the voltage gain at any fre- 
quency is give n by the approximation (de rived from Sect. 2 Eqn. 2) 

A'\ I 1 + (coC^O 2 

(3a) 



■J-, 



a | v a + g m R k y + (oc^*) 2 

on the assumption that the screen is completely by-passed. 

When the screen is not completely by-passed, so that both cathode and screen 
circuits are attenuating simultaneously, the cathode attenuation characteristic is 
affected by the screen circuit. Under these circumstances it is possible to use the 
method due to Terman (Refs. A12, B2) whose curves are reproduced in Figs. 12.1 1C 
and 12.1 ID. 

Terman expresses the relationship in the form 

Actual output voltage 1 

Output voltage with zero bias impedance ~~ 1 + R t g m -qfi 
where g m = mutual conductance of valve in mhos, at operating point 
R f = cathode bias resistance in ohms 
_ 1 

V ~ 1 +j(f/fd 
f = actual frequency in c/s 

/ 4 = l/2n C f Rf = frequency at which the reactance of C, equals bias re- 
sistance R f 
A'\ 
and j3 = -r\ contributed by the screen circuit at frequency / as given by eqn. 
A I 

(1). (Note that j8 = 1 for complete by-passing). 
The procedure in a practical case is 

1. Determine j3 = \A'/A\ from equation (1). 

2. Knowing / and / 4 , calculate /// 4 . 

3. Apply this value of /// 4 to Fig. 12.1 1C, thus determining the magnitude of t\ 
in db, and also its phase angle. 

4. Calculate the value of R f g m i)P, in db above unity. 

5. Apply the value of R f g m -r)fi and the phase angle of i? to Fig. 12.1 ID to determine 
the loss in gain (in decibels). 

It will be seen that incomplete screen by-passing results in a smaller value of attenua- 
tion by the cathode impedance than would occur with complete screen by-passing. 

Attenuation curves for a typical r.cc. pentode are given in Fig. 12.12 for com- 
plete screen by-passing. 

As a useful rule of thumb, sufficient for most design purposes other than for 
amplifiers incorporating negative feedback over 2 or 3 stages, 

fC k «a 0.55g m for 1 db attenuation (4a) 

fC k «t( 0.35 g m for 2 db attenuation (4b) 

where C t is in microfarads, 
and g m = mutual conductance in micromhos at the operating plate current. 

The effect of incomplete cathode by-passing on phase angle displacement is ap- 
proximately the same as for a triode, and the curves of Fig. 12.3C may be used, but 
the value of B may be taken as roughly 

B & 1 + g„R k 
on the assumption that \i is very large and that R' is small compared with r„, where 
R! = R L R„KR L + «..). 

The combined effect of incomplete cathode and screen by-passing and of a grid 
coupling condenser on gain and on phase angle displacement may be determined by 
adding the attenuations in decibels and the phase angles in degrees, provided that 
eqn. (3b) is used for calculating the attenuation due to the cathode impedance. 

(B) Cathode bias resistance 

The cathode bias resistance should preferably be the smallest value which can be 
used without any danger of grid current on the maximum signal. Fortunately, 
however, the resistance is not critical and a higher value has very litde deleterious 
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Fif. 12.12. Attenuation characteristics for selected values of cathode by-pass condenser 

with valve type 6J7 and E bi = 250 volts, R L = 0.25, R g = 0.5, 2?,"= 1.5 megohms. 

R k = 2000 ohms : screen adequately by-passed. 

effect under normal operation, provided that the screen voltage is adjusted to give the 
correct operating plate current. 

Optimum values may be calculated for any specific case by first finding the fixed 
bias and then calculating R k = E el /(I b + I c2 ). 

Alternatively, the value of R k may be determined by eqn. (5f) below. 

The procedure for the calculation of the cathode bias resistor when a series screen 
resistor is also used, is given in Sect. 3(vi)C, while the graphical method is described 
in Sect. 3(xiii) and (xiv). 

(C) Effect of reverse grid current with cathode bias 

When the screen voltage is maintained constant from a low impedance source, 
the following approximate relationship may be derived from Chapter 3 Sect. 1 eqn (6) : 
2?„i for cathode bias 

^jjjg^-l+^l+WA C4C) 

For a typical pentode, type 6J7, the ratio is approximately 1.7, 2.1 and 2.6 for 
R L = 0.1, 0.22 and 0.47 megohm respectively. Now the value of R gi for fixed bias 
is derived in (v)a below for a reverse grid current of 1 juA, so that for type 6J7 the 
ma ximum grid resistor under this condition with cathode bias and fixed screen voltage 
is approximately 

0.56 megohm for R L = 0.1 megohm, 
0.91 megohm for R L = 0.22 megohm, 
1.5 megohms for R L = 0.47 megohm. 
With a series screen resistor the following approximate relationship may be 
derived from Chapter 3 Sect. 1 eqn. (6). 

R gl for cathode bias , , _ , PgtRos .... 

— ^— — - — -TT-. ph 1 + Rhgk -\ (4d) 

R gl for fixed bias . /i jm v 

The first two terms are the same as in eqn. (4c), while the third term is the same as 
the second term of eqn. (5b) below, so that the ratio in eqn. (4d) will normally exceed 
7 : 1, for R L = 0.1 megohm and will be considerably greater than this value for 
R L = 0.22 megohm or higher. 

However, it is generally advisable to limit the grid resistor to 2.2 megohms maximum 
for amplifiers having a reduced frequency range and 1 megohm or less for amplifiers 
having a maximum frequency of 10 000 c/s or more. 

(v) Fixed bias 

The optimum bias is the smallest which can be used without danger of positive 
grid current, provided that the screen voltage is adjusted to give the correct operating 
plate current. 
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If the input voltage is known, 

E cl = 1.41 E i + k 1 + h (4e) 

If the output voltage is known, 

E el = (IAIEo/A) + k t + k t (4f) 

where E t = r.m.s. input voltage 

E = r.m.s. output voltage from plate to cathode 
A = voltage gain of stage 

k x = bias voltage to avoid damping due to positive grid current — a value of 
1.0 volt maximum would cover all normal indirectly heated valves* 
and k 2 = increment of bias voltage to allow for the effects of reverse grid current 
in the grid resistor (see below). 

If a fixed screen voltage is used, and the grid resistor has the maximum value de- 
termined in fa) below, then the value of k 2 may be taken as 0.1 volt for high slope valves 
(e.g. 6AU6) with R L not less than 0.1 megohm, and the same value for low slope 
valves with R L not less than 0.22 megohm. The value of k 2 may be taken as 0.2 volt 
for low slope valves having R L less than 0.22 but not less than 0.1 megohm. 

If a series screen resistor is used, and if the grid resistor does not exceed 1 megohm, 
k t may be taken as 0.1 volt maximum. 

With some valves, as the screen voltage is decreased, the grid current commence- 
ment (or cross-over) point may tend to move to a more negative value in indirectly- 
heated types, and to a less positive value (possibly even negative) in directly-heated 
battery pentodes. Low screen voltages should therefore be avoided with zero- 
bias operation of battery pentodes, particularly when a high plate load re- 
sistance is used. 

The effect of reverse grid current with fixed grid bias 
(a) With fixed screen voltage 

The position of the operating point in pentodes, for minimum distortion, is fairly 
critical. Thus when the correct screen and grid bias voltages have been applied, 
any reverse grid current that may flow through the grid resistor R gl will cause a change 
in bias and hence a change in plate current to a value less than the optimum. The 
writer considers a change of 0.1 E bb /R r as being the maximum permissible change 
in plate current due to the flow of grid current. On this basis, the maximum per- 
missible grid resistance with fixed bias and fixed screen voltage can be shown to be 
given approximately by 

(R \ 0,w 
100%) (5a > 

where R B i = maximum grid resistance in ohms, 
R L = load resistance in ohms, 

K _ 8Ib0 

gmoEbb* el 

/„„ = plate current in amperes at which both g m0 and I el are measured, 

g m0 = mutual conductance in mhos at plate current I bQi 

E b b = plate supply voltage, 

and I el = maximum rated reverse grid current in amperes at plate current J t0 . 

In this calculation the assumption was made that the ionization current is pro- 
portional to the cathode current, which relationship only holds approximately and then 
only when the grid leakage current is small compared with the ionization current and 
provided that the latter does not increase during operation. 

Values of K v have been derived for three valve types — 

Type 6J7 K v = 5.2 X 10O , u „ Kn . 

* , 1 for E bb = 250 volts 



Type 6SJ7 K v = 5.8 x 10* J- 1 ",,'* Z i a 
Type 6AU6 K p = 5.7 X 10*J ana L n ~ l ^ A 
Values of the function of R L are given below — 



'Higher values may occur in a few cases, but are not typical. See also comments on triodes in Sect. 
2(iv)B. For grid damping see Sect. 2(iv)D. 
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fl, 



0.47 megohm 
0.54 max. megohm 
0.6 max. megohm 
0.59 max. megohm 



viooo/ 

100 000 5.75 

220 000 7.8 

470 000 10.4 

From which the following values may be calculated : 
Type R L = 0.1 0.22 

6J7 R tl = 0.3 max. 0.4 max. 

6SJ7 R 9l = 0.33 max. 0.45 max. 

6AU6 R Bl = 0.33 max. 0.44 max. 

We may therefore conclude that, for a maximum reverse grid current of 
1 /*Aj the value of R n with fixed bias and fixed screen voltage should not 
exceed 

0.33 megohm for R L = 0.1 megohm, 

0.43 megohm for R L = 0.22 megohm, 

0.56 megohm for R L = 0.47 megohm. 

Where the variations of reverse grid currents are such that the large majority of 
valves would have values below half the maximum value — i.e. in this case below 
0.5 /*A — double these values of R gl would be satisfactory. This would also apply 
in any cases where the maximum value of reverse grid current is specified as 0.5 /xA. 

(b) With series screen resistor 

When fixed bias is used in conjunction with a series screen resistor supplied from 
the plate voltage source, it may be shown from eqn. (9) of Chapter 3 Sect. 1 that 



Kgi tor series screen resistor 



1 + 



fg*R B 



(5b) 



R tl for fixed screen voltage n<, lBZ 

where P = I e %/Ik 

g* = g m (h/h) at the operating point, 
R t2 = resistance of series screen resistor in ohms, 
and /i Bla2 = " triode " amplification factor. 

Ratios calculated from eqn. (4c) for typical valves, with a load resistance of 0.1 
megohm or more, exceed 6 times, so that when a high-resistance series screen 
resistor is used, the grid resistor may be at least 6 times the value quoted 
above for fixed screen voltage. 

However, it is generally advisable to limit the grid resistor to 2.2 megohms maxi- 
mum for amplifiers having a reduced frequency range and 1 megohm or less for am- 
plifiers having a maximum frequency of 10 000 c/s or more. 
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GRID VOLTAGE (Ea) 

Dynamic characteristic of r.c.c. pentode for fixed screen voltage 
(b) compared with mutual characteristic (a). 
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(vi) Dynamic characteristics of pentodes 
(A) General description 

A single dynamic characteristic of a pentode, together with the equivalent mutual 
characteristic, are shown in Fig. 12.13. The slope of the dynamic characteristic at 
any point is given by 

'P S m ,— v 

S»* = *- ^ + Rl = ! + (Ri/rj)) Pc; 

The values of g m and g md are normally within 10% provided that tb» operating 
plate current does not exceed 0.8 E bb /R L . Values of g m and g md for valve types 
6J7 and 6SJ7 are given in (vii) below. 

Pentodes differ from triodes in that there is an unlimited number of dynamic 
characteristics for any selected plate voltage and load resistance, there being one 
characteristic for each value of screen voltage. Some typical dynamic characteristics 
are shown in Fig. 12.14A from which it will be seen that these have much the same 
general form, but that they are moved bodily sideways. Careful examination will 
show that the curves for lower screen voltages are less curved than those for higher 
screen voltages. As a general rule, the screen voltage should therefore be as low as 
possible, provided that the correct operating point can be maintained and that positive 
grid current does not flow. 

F!G. 12. MA 




Fig. 



OHO [EciJ VOLTS 



12.14A. Family of dynamic characteristics for typical r.c.c. pentode (type 6J7 
with E b b = 250 volts, R L = 0.25 megohm). 



(6) Optimum operating conditions 

A very complete investigation (Ref . B8) has shown that all pentodes normally used 
with r.c. coupling may be adjusted for maximum gain and minimum non-linear 
distortion merely by ensuring that the plate current is a certain fraction (K) of 
E bb /R L . This plate current may be achieved either by fixing the grid bias (or cathode 
bias resistor) and varying the screen voltage (or series screen resistor) or vice versa. 
The effect of reverse grid current in the grid resistor is to decrease the effective grid 
bias by an amount which may be appreciable with fixed screen voltage, but may 
usually be neglected when a high-resistance series screen resistor is used. In the 
former case, with fixed screen voltage, it is suggested that the design be based on a 
value of half the maximum specified reverse grid current flowing through the grid 
resistor. 

The optimum value of K is not appreciably affected by either the following grid 
resistor or the electrode voltages, provided only that the screen voltage is kept reason- 
ably low. The optimum value of K for minimum distortion is, however, a function 
of the output voltage as indicated below. 
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Output voltage (r.m.s.) = 0.04E bb 
Output voltage (r.m.s.)* = 10 
Optimum K = 0.78 

*For E bb = 250 volts, 
where K = I b /I bm and I bm = E b JR L , and R„ = 2R L . 

For example, with E bb = 250 volts and R L = 0.25 megohm, I bm = 1 mA. 

The voltage between plate and cathode is a function of K : E b — (1 — K)E bb . 

When .K" = 0.78 0.76 0.70 0.62 

Then £ ft = 0.22E bb 0.24E bb 0.3E bb 0.38E bb 

(C) Determination of series screen and cathode bias resistors when plate 
and screen current curves are available 

If curves of both plate and screen currents versus grid voltage under resistance 
loaded conditions (e.g. Figs. 12.14A and 12.18) are available, the procedure is— 

1. Determine E cl — see (v) above. 

2. Determine the optimum value of K — see (vi)B above. 

3. From the I b curves, determine E c2 to give the required values of E el and K ; 
also determine I b at the operating point. 

4. From the J c2 curves, determine J e2 at the operating point. 

5. Then R k = E el /(I b + I c2 ) (5d) 
and R, = (E ec2 - E e2 )/I c2 (5e) 

(D) Calculation of series screen and cathode bias resistors 

The procedure for calculating R, and R k is — 

1. Determine E el as for fixed bias — see (v) above. 

2. Determine the optimum value of K — see (vi)B above. 

3. a, *, „ ™£ + t) on 

where E el = control grid voltage (taken as positive) 
and m = I b /I ei . 

Typical values of m at normal voltages are : 
Type 6J7 6SJ7 6SF7 6SH7 6AC7 6AU6 1S5 1U5 

m 4.0 3.75 3.75 2.63 4.0 2.54 4.0 4.0 

Equation (5f) is perfectly general, and may be used with any screen voltage source. 
The only approximation is the assumption that m is constant. 

4. Then E cZ « E cll * t + E 2 - f^(l - ^) (5g) 

where E ei = screen voltage 

Ht = triode mu 

E 2 = screen voltage at which I b =2 mA for E el = 
f* 22 (for 6AU6), 25 (for 6SJ7), 39 (for 6J7) 
R L1 = 0.1MA 
and g m d = niax. slope of dynamic characteristic with R L -■ 0.1 M.Q. 

Equation (5g) may also be used with fixed bias E cl . 

5. Then R, *t j^{E bb - EJ (5h) 

Note : This procedure is based on several approximations (e.g. that m,g m a and E t 
are constant) but is sufficiently accurate for all practical purposes for any pentode. 

It will be seen that a single operating condition is incapable of giving optimum 
performance for both low and high levels. For low level operation, E el may be taken 
as — 1.3 volts, while for high level operation E may arbitrarily be taken as 0.24E bb 
volts rjn.s. unless it is desired to determine some intermediate condition. 

It will be seen from eqn. (5g) that the optimum screen voltage is a function, not only 
of E at but also of R L — a higher value of load resistance permits a lower screen voltage. 
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(E) Screen supply from voltage divider 

Although a series screen resistor is normally preferable, the screen may be supplied 
in certain applications from a voltage divider. The procedure is straight forward, 
but the voltage should be adjusted manually or else the two resistors should have 
± 5% tolerances. 

When a screen voltage divider is used, the equivalent series screen resistance is 
given by the resultant of the two sections of the voltage divider in parallel. This 
value may be used as R g2 in eqn. (6) of Chapter 3 Sect. 1, although if R g2 is less than 
50 000 ohms, its effect is small. 

If the equivalent series screen resistance is less than 50 000 ohms, the screen voltage 
may be considered as fixed, and it is then necessary to increase the grid bias to allow 
for the effect of reverse grid current. 

The increase in grid bias is 
AE el = R Bl I e J b /ho (6a) 

where I b0 = plate current at which the reverse grid current is measured, 
and I el may be taken as half the maximum specified reverse grid current (say 1 /xA) ; 
i.e. (say) I cl = 0.5 i*A. 

The increased value of cathode bias resistor is given by 
R* =R* + AR k (6b) 

where AR k = = -=— • 

•'& + ■' e* ■*» OT + 1 

and E ei is given by equation (6a). 
Using the suggested value of I cl , we have 

«.- = R , + R " x0 ; 5x " ) - -^ r7 ceo 

l so m -r L 

For example, if R Bl — 1 megohm, I b0 = 2 mA, and m = 4, then 
R* = Rk + 200 ohms. 

(vii) Gain at the mid-frequency 

(A) The voltage gain at the mid frequency (for small input voltages) is given by 

A ° = (1/r.) + (1/Rj) + (1/U.) (7) 

where g m = mutual conductance at operating plate current, 

r„ = plate resistance at operating point, 
and R„ = resistance of following grid resistor. 

The mutual conductance at the working plate current is often an unknown factor, 
and methods for determining it are given below (E). 

(B) Alternatively, the gain may be calculated from the slope of the dynamic charac- 
teristic : 

A ° = *««* (£ +*0 ~ *-** (8) 

where g md = slope of dynamic characteristic at the operating point — see (E) below, 
and R = R L R t /(R L + R *>- 

(C) The gain may also be calculated graphically from the dynamic charac- 
teristic (Fig. 12.13). If the peak-to-peak grid input voltage is CD, then the in- 
stantaneous plate current will swing between the extreme limits M and P, giving a 
peak-to-peak output voltage EF measured on the plate voltage scale. To allow for 
the effect of R a) the output voltage must be multiplied by the factor R,,/(R t + R 1 ) 
where R' = r^R L /(r P + R L ) f& R L . 

Typical voltage gains are : 

R L R, 6J7 

0.1 megohm 0.5 megohm 94 

0.25 megohm 0.5 megohm 140 

0.5 megohm 2.0 megohms 230 

*R L = 0.22 megohm. **R L = 0.47 megohm. 



6SJ7 


6AU6 


104 


168 


167 


230* 


263 


371** 
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If the resistance of the following grid resistor R t is limited, the nrn'rimmr! gain 
on low input voltages is obtained when the load resistance is approximately equal 
to the following grid resistance, i.e. R L «a R g . 



(D) Gain in terms of g m and g v 

Eqn. (7) may be put into the alternative form 

A = '-* 



(9a) 



1 + g J) R 
where R = R L R„/(R L + R g ) 
and g 9 = plate conductance = l/r„. 

Unfortunately " G," curves for pentodes hold only for a fixed screen voltage and 
are not flexible (g m curves for type 7E7 are shown in Ref. A15). 



(E) The determination of g mi g mds and r„ 

The values of g mt g nd and r P for use in equations (7), (8) and (9) are difficult to 
calculate with any precision, but may be measured on an average valve. 

Curves of constant g md could, with advantage, be plotted on the family of dynamic 
characteristics such as Fig. 12.14A, although this has not yet been done. 

Mutual conductance 

For the general case see (x)A below. Fig. 12.14B gives an approximation to the 
raaxitnyiTTi value of g m with any load resistance for two typical pentodes. This value 
is believed to be accurate within ± 10% for an average valve. 

Slope of dynamic characteristic 

The value of the slope of the dynamic characteristic at any point is given by 
gm* = gm/U + Rr/r.) (9b) 

where g m d 

g m 

and r„ 



= g m /(l + R L /r v ) 

= slope of dynamic characteristic at operating point 

= mutual conductance at operating point 

= plate resistance at operating point. 



I2.I4B 




Fig. 12.14B. Mutual conductance 
of resistance-capacitance coupled pen- 
todes types 6J7 and 6SJ7 plotted 
against load resistance. In each 
case the value of K is taken as being 
adjusted to give maximum mutual 
conductance. 



C-l C-2 OS C-4 C-5 

Lead Resistance R, (Mcaohmi) 

Plate resistance 

The value of plate resistance r, at the operating point may be estimated from Sect. 
3(x) below. 

Data for types 6J7 and 6SJ7 

Detailed values of mutual conductance (#,*), slope of the dynamic characteristic 
(jg mi ) and plate resistance (r„) for types 6J7 and 6SJ7 are tabulated below. It is 
emphasized that there are considerable variations between valves, particularly with the 
plate resistance. 
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Valve type 




6J7 




6SJ7 




Plate supply 


voltage 




250 




250 


volts 


Published 


Sm 




1225 




1650 


/xmhos 


Rl 


K 


Sm 


6m d 


r v 


Sm 


8 md 


r„ 


mh 




fiiahos 


ftmhos 


MQ 


jumhos 


/xmhos 


MQ 


0.1 


0.78 


1065 


980 


0.6 


1390 


1280 


0.7 




0.76 


1080 


1010 


0.67 


1380 


1290 


0.9 




0.70 


1130 


1080 


1.1 


1370 


1310 


1.3 




0.62 


1120 


1080 


1.5 


1340 


1290 


1.4 




0.55 


1100 


1060 


2.1 


1335 


1280 


1.7 


0.25 


0.78 


896 


834 


1.6 


1050 


990 


1.7 




0.76 


880 


836 


1.9 


1040 


985 


1.8 




0.70 


860 


830 


3.0 


1000 


960 


2.4 




0.62 


820 


790 


3.3 


940 


900 


3.3 




0.55 


790 


765 


3.7 


920 


845 


3.4 


0.5 


0.78 


670 


640 


3.0 


720 


660 


3.0 




0.76 


660 


630 


3.6 


710 


660 


3.0 




0.70 


647 


620 


4.5 


650 


648 


3.7 




0.62 


595 


575 


5.2 


590 


580 


5.0 




0.55 


550 


540 


6.0 


519 


495 


5.4 



*With E b =250 volts, E ei = 100 volts, E cl = - 3 volts. 

(viii) Dynamic characteristics of pentodes and comparison with 
triodes 

A family of dynamic characteristics for a typical pentode is shown in Fig. 12.14A. 
There is one curve for every possible value of screen voltage, but it is obvious that 
those for lower screen voltages (e.g. 30 volts) are less curved than those for higher 
voltages. In actual operation the quiescent operating point is fixed, and the signal 
voltage on the grid causes the plate current to swing along the dynamic curve. This 
only holds strictly when there is no following grid resistor or other shunt load, but it 
is sufficient for design purposes since allowance can readily be made for the effect of 
R t in reducing both the voltage gain (eqn. 8) and the output voltage. 

The voltage drop in R L is proportional to the plate current, and therefore a plate 
voltage scale may be added to Fig. 12.14A. The general treatment and the calculation 
of gain are identical with, those for ideal linear dynamic characteristics as applied to 
triodes in Sect. 2(viii). In the case of pentodes the operation can be kept outside 
the grid current region, without any other loss, by selecting a suitable screen voltage. 

A single pentode dynamic characteristic (that is one for a fixed screen voltage) is 
drawn as curve b in Fig. 12.13. For comparison, curve a has also been included, 
this being the ordinary mutual characteristic for the same screen voltage. At low plate 
currents the two are practically identical but they diverge steadily up to the point of 
inflexion* P, beyond which the dynamic characteristic forms the " top bend." 

The line XY is at a plate current I bm = E bb /R L at which the factor K = 1. This 
curve is typical of the shape of all pentode dynamic characteristics which differ mainly 
in the slope and the horizontal displacement of the curve. The effects of changes in 
R L are largely overcome by the use of the factor K in place of the actual plate current. 

Comparison between triode and pentode dynamic characteristics 

Both triode and pentode dynamic characteristics are shown in Fig. 12.15 in such a 
way as to enable a comparison to be made between them. Over the region from 
K = 0.4 to K = 0.6 they appear to be very similar, but in the region from K = 0.15 
to 0.4 the pentode characteristic appears less curved than the triode, while in the 
region from K = 0.6 to 0.8 the triode characteristic appears less curved than the pen- 
tode. 

*Tbe point of inflexion is the point at which the curvature changes from one direction to the other, 
and is the point of greatest slope. 
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10 



STRAIGHT O9J0-9 
LINE 



o-8- oa 




02 



-STRAIGHT LINE 



PENTODE // 



TRIODE / 



0-7 O--! 



0€ 0-6 



OS 0-5 
I. 

cx|o-4 



0-3 0-3 



02 



7i 75 ^oi ^ol , -6-4 . 

£c, PENTODE AND TRIODE + SLOPE FACTOR (0-0813) 



H-6 
FIG. 1215 



^02 



Fig. 12.15. Comparison between pentode and mode dynamic characteristics of the 
same valve (65J7 with E bb = 250 volts, R t = 0.25 megohm, E e2 = 22.5 volts for 
pentode, E ei connected to plate for triode characteristics ; triode characteristics divided 
by slope factor 0.0813 and superimposed so that points for I b =0.5 mA coincide). 
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(ix) Maximum voltage output and distortion 

The maximum voltage output, with any specified limit of distortion, is obtained 
when R„ is much greater than .R^. If R g is limited, the maximum voltage output 
is obtained when R L is much less than R g . The following table is typical of r.c.c. 
pentodes such as types 6J7 and 6SJ7, and also enables a comparison to be made with 
triodes. The optimum value of K has been used throughout. 

Intermodulation distortion* with E bb = 250 volts 



Output voltagef 
Valve type 6J7 

R L = 0.1 MQ R, 


= 0.1 Mi? 




0.2 




0.4 


R L = 0.25 MQ R„ 


= 0.25 MQ 




0.5 

1 


R L = 0.5 MQ R B 


= 0.5 MQ 
1 
2 




Valve type 6SJ7 

R L = 0.1 MQ R t 


= 0.1 MQ 




0.2 




0.4 


R L = 0.25 MQ R, 


= 0.25 MQ 




0.5 

1 


R L = 0.5 MQ R„ 


= 0.5 MQ 
1 
2 





10 19 37 

Intermodulation distortion 



63 



/o 



0.35 


2.2 


8.6 


0.3 


1.5 


4.6 


0.26 


0.85 


3.9 


0.65 


1.9 


7.4 


0.5 


1.6 


4.4 


0.35 


1.4 


3.5 


1.0 


3.7 


14.0 


0.8 


2.6 


9.5 


0.5 


2.0 


6.5 


1.0 


2.9 


12.0 


0.9 


2.2 


8.3 


0.8 


1.5 


5.9 


2.1 


6.0 


16.0 


1.1 


3.8 


13.0 


1.0 


3.0 


11.0 


3.0 


8.3 


18.0 


2.1 


6.6 


15.0 


1.5 


4.4 


12.5 



14.0 

12.5 

37 

17 

15 

54 

32 

19 



24 
20 
67 
38 
23 
76 
42 
28 



The maximum output voltage for limited intermodulation distortion (r.m.s. sum) 
is indicated below for type 6SJ7 pentode with R„ = 4R L . 



Rl 




■^Ofr.m.f 


)/E bb 






I.M. = 2.5% 


5% 




10% 


20% 


O.i MQ 

0.25 

0.5 


0.09 
0.08 
0.07 


0.13 
0.11 
0.09 




0.18 
0.16 
0.13 


0.25 
0.22 
0.20 



When R„ = 2R L , the factors above should be multiplied by 0.87. When R„ = R L , 
the factors above should be multiplied by 0.7. The values are for E b b = 250 volts, 
but hold closely over the range from 200 to 300 volts. Optimum operating con- 
ditions are assumed. 



Harmonic distortion 














Type 6SJ7 with E bb = 


250 volts, 


R L = 0.25 MQ, 


R„ = 0.5 MQ 




IC = 


0.8 


0.76 


0.72 


0.65 


0.6 


0.56 


£o<r. *,.,.) VOltS 


8 


16 


30 


52 


62 


78 


E<Hr.m.i.)/Ebb 


0.03 


0.06 


0.12 


0.21 


0.25 


0.31 


H,% 


0.3 


0.9 


2.6 


3.5 


5.4 


4.4 


H, % 


0.24 


0.19 


1.25 


4.2 


5.0 


12.0 


H 4 % 


0.14 


0.11 


0.19 


1.9 


2.2 


2.85 


H 6 % 


0.01 


0.02 


0.18 


0.67 


0.28 


0.17 



'Modulation method — r.m.s. sum. For details and for relation between intermodulation and har- 
monic distortion see Chapter 14 Sect. 3. 
fThe arithmetical sum of the r.m.s. values of the two component waves. 
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Comments 

1. Type 6J7 (with published g m = 1225 /*mhos) has less distortion than type 
6SJ7 (with published g m = 1650 /xmhos) under the same conditions. 

The distortion for a given output voltage increases when a valve is replaced by 
another having higher mutual conductance, although there are also differences be- 
tween valve types having approximately the same mutual conductance. 

2. Load resistance R L = 0.1 megohm provides lower distortion than higher values 
of load resistance. 

3. The distortion under any given conditions decreases when the resistance of the 
following grid resistor is increased. 

Comparison between triode and pentode 

[Refer Sect. 2(ix)] 

The comparison is based on intermodulation distortion with type 6SJ7 as both 
triode and pentode, having R L = 0.25 and R g — 1.0 megohm (Fig. 12.16A). Gener- 
ally similar results are obtained with type 6J7 and with other load resistances (Ref. 
B8). 

1. At the level used in the first a-f stage in a typical receiver (E a = 10 volts rjn.s.) 
the pentode gives only about one eighth of the intermodulation distortion given by a 
triode, when both are adjusted for minimum distortion. 

2. The two curves in Fig. 12.16A cross,and the intermodulation distortion is there- 
fore the same for both triode and pentode* at about 31 r.m.s. volts output. 

3. At higher output voltages the pentode gives the greater intermodulation dis- 
tortion, the ratio being 2.3 : 1 at 63 r.m.s. volts output. 

4. The pentode, to give the minimum value of distortion, requires fairly critical 
adjustment. Under the working conditions recommended in this section, however, 
the distortion with a pentode is likely to be less than with a general-purpose triode at 
output voltages up to about 20 volts r.m.s. 



12.16A. Intermodulation distortion 
type 6SJ7 with E bb = 250 volts, 
= 0.25 MQ, R P = 1.0 MQ, in both 

triode and pentode operation. 

O IO2O3O4O5O6O70 

OUTPUT VOLTS 
(arithmetic SUM OF R.M5. VALUES) 

(x) Conversion factors with r.c.c. pentodes 

(A) The mutual conductance may be derived from published data (generally 
plotted against E cl ) or if these are not available then it may be calculated as for triodes, 
Sect. 2(x). See also values quoted for 6J7 and 6SJ7 in (vii) above. 

(B) The plate resistance may be estimated by the following method from pub- 
lished data. The usual data are for either equal plate and screen voltages (e.g. 100 V) 
or for 250 V and 100 V respectively. Unfortunately there is no general rule for cal- 
culating the effect of a change of plate voltage on the plate resistance, and the accuracy 
obtainable by graphical means is very poor. However, as some sort of guide, the 
plate resistance of type 6SJ7 is increased about twice, and of type 6J7 about 2.75 times, 
for a change from 100 to 250 volts on the plate, with 100 volts on the screen and — 3 
volts grid bias. 

The plate resistance of a r.c.c. pentode may vary from slightly below the published 
value at E b — E e2 = 100 volts, to 6 or 8 times this value, depending on the load re- 
sistance and value of K. Typical. values for types 6J7 and 6SJ7 are given below [see 
also table in (vii) above] : 

R L = 0.1 megohm r„ = 0.6 to 2.1 megohms 

R L = 0.25 megohm r p = 1.6 to 3.7 megohms 

R L «= 0.5 megohm r„ «= 3.0 to 6.0 megohms 

for K = 0.78 to 0.55 respectively. 




512 (x) CONVERSION FACTORS WITH R.C.C. PENTODES 12.3 

There are considerable variations between different valves, and some may have 
plate resistances less than half these values, while others may have higher plate re- 
sistances. 

(C) Conversion factors applied to whole amplifiers 

If one set of operating conditions is available, it is possible to calculate others. 
Given: E bb R L R* R, R„ A E Q 

300 V 0.1 MQ 450 Q 0.5 Mi? 0.25 MQ 82 81 V 

Example : 

(1) To calculate conditions for R L — 0.25 megohm, 
E bb = 300 volts :— 

F r = 2.5 (i.e. resistance conversion factor). 

R k = 2.5 x 450 = 1130 ohms. 

R t = 2.5 'x 0.5 = 1.25 megohms. 

R„ = 2.5 x 0.25 = 0.75 megohm. 
E will be approximately the same for the same distortion. 
A is affected both by the load and the mutual conductance. 

The load resistance factor is 2.5 ; the mutual conductance factor is ^/l b JI bx = 
^1/2.5 = 0.74. Therefore A = 82 x 2.5 x 0.74 = 152. 

Note : If E bb had been altered, the mutual conductance factor would have been 
V E i bi R L1 /E b bl R Li . 

(2) If all resistors are multiplied by a factor F„ leaving E bb unchanged, the voltage 
gain will be increased approximately as tabulated : 

F r 0.4 0.5 0.75 1.0 1.5 2 2.5 

Voltage 

gain 0.544 0.63,4 0.83/1 A 1A3A 1.58A 1.85A approx. 

In practice these may vary ±10% or even more. 

(ad) Equivalent circuit of r.c.c. pentode 

The exact a.c. equivalent plate circuit of a r.c.c. pentode is given in Fig. 12.16B 
where the " constant current generator " circuit has been adopted. This could 
equally be applied to the triode case (Fig. 12.8) or vice versa. In other respects the 
triode and pentode equivalent circuits are identical [see Sect. 2(xii)] . Both the cathode 
and screen circuits are assumed to be adequately by-passed at all signal frequencies, 
or the effects to be separately calculated. » 

FIC.I2.I6 B 
G P '*^i 9 m C 
r-0 O ** * i . | ( t T i-OGf 






V, 



p 

|+ Fig. 12.16B. Exact a.c. equivalent plate 
t < * * £r e v t circuit of a r.c.c. pentode. 



-J— OK, 

(arii) Voltage gain and phase shift 

Provided that the cathode and screen circuits are adequately by-passed at all signal 
frequencies, or that their voltages are obtained from low impedance sources, the 
voltage gain and phase shift will be the same as for the triode case [Sect. 2(xiii)]. In 
the case of a pentode it is usually possible to neglect the " Miller Effect " capacitance 
from the plate circuit. 

The low frequency response [Sect. 2(xiii) ; eqn. (15)] will be slighdy higher 
than for a triode with the same values of C u R L and R B owing to the higher value of r P . 

The high frequency response [Sect. 2(xiii), eqn. (16)] will normally be lower 
than that for a triode, owing to the higher value of R" due again to the higher plate 
resistance. The valve output capacitance is usually greater for a pentode than for a 
triode, this being a further contributing factor. The high frequency response may 
be extended to higher frequencies by reducing the resistance of the plate load resistor, 
although at the cost of gain. A similar result may be achieved by the use of negative 
voltage feedback. 
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The effect of the screen and cathode by-passing has been covered in (iii) and (iv) 
above. 

(xiii) Screen loadlines 
(A) Exact method using I c2 versus E e2 characteristics 

These characteristics (Fig. 12.17) only apply to a single value of supply voltage 
and plate load resistance. The screen loadline is a straight line drawn from A to B. 
Point A : E e2 = E cc2 (here 250 volts), I e2 = 
Point B: E e2 = 0, I e2 = E ee2 /R, (here 250/1.5 = 167 a«A). 

It is then necessary to transfer the values of E c2) at the intersections of the E el 
curves and the loadline, to a second curve in which E cl is plotted against E e2 . From 
the latter, the values of E el corresponding to the screen voltages of the dynamic 
characteristics (Fig. 12.14A) are determined, and transferred directly to the plate 
dynamic characteristics, and the screen loadline drawn as a smooth curve (Fig. 12.19). 




«*» e«M 



Fig. 12.17. Screen I c2 versus E c2 characteristic for type 6J7; E bt> = 250 
volts, R L = 0.25 MQ. A screen loadline is shovm. 



(B) Exact method using I e2 versus E el characteristics 

This is an alternative method illustrated by Fig. 12.18 on which the screen loadline 
(which in this case is slightly curved) may be plotted. On each E ei curve plot the 
corresponding value of I c2 derived from the equation 

U = (*.«• - E c2 )/R, (10) 

Then draw a smooth curve (CD in Fig. 12.18) through the plotted points. The 
values of E el corresponding to the points of intersection are then transferred directly 
to the plate dynamic characteristic, and the loadline drawn as a smooth curve (Fig. 
12.19). 




Fig. 12.18. 
E, 



EcCvOLTjJ 



Screen I e2 versus E el characteristics for type 6J7 ; static curves are for 
6 = 250 volts, R L = 0.25 MQ. A screen loadline is shovm. 
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(C) Approximate method* 

This is based on the assumption that the ratio of plate and screen currents is con- 
stant, such being only a rough approximation ; it is, however, good enough for many 
purposes. Using the conditions for Fig. 12.19 and assuming I b /I c2 = 4.0 (as for 
type 6J7) and R, — 1 megohm, we can draw up the table : 

E c2 (E cc2 — E c2 ) Icn lb = 47 c2 

100 V 150 V 0.15 mA 0.60 mA 

80 170 0.17 0.68 

60 190 0.19 0.76 

40 210 0.21 0.84 

20 230 0.23 0.92 

The values of I b are then plotted on the characteristics corresponding to the respective 

screen voltages {E c2 ). The screen loadline (Fig. 12.19) is almost a straight line which 

may be extended to cut the horizontal axis at approximately 

E cl &-E cc2 /n t (11) 

and which may be shown to have a slope of approximately 

mntg md /(R s g md + mfi t ) (12) 

where fj. t = valve triode mu, 

gmd — slope of plate dynamic characteristic at point of interest, 
and m = ratio of plate to screen currents. 

Alternatively, the point of intersection of the screen loadline with the horizontal 
axis may be determined by the point of cathode current cut-off on the " triode " 
characteristics (if available) where E b = E cc2 . 

The plate current at E ei = is given approximately by 

I bo f& mg md E ee2 /R,g md + mii t (13) 

The value of screen resistor to provide a plate current I b = KE bb /R L at a fixed 
grid voltage E cl when E cc2 = E bb is given approximately by 
m f _ n t R L E cl Kfj. t 

gmd 




(14) 



E CI (V0LTS) 

Fig. 12.19. Plate dynamic characteristics for type 6J7 with screen loadline. 

Variations in ratio between plate and screen currents 

Although considerable variations exist, particularly in the region of high plate 
current, there is a comparatively large region within which the ratio is constant within 
± 5%, this being fortunately in the region most generally useful for amplification 
(e.g. shaded area in Fig. 12.20). 

The variations which occur are mainly caused by the variations in the ratio of 
plate to screen voltages. It is clear that they will be serious for E b less than E c2 
(above broken line in Fig. 12.20) but the variations become greater as E b approaches 
E e2 . If it is desired to make accurate calculations involving an assumed constant 
value of m (= I b /I e2 ) it is desirable to maintain E b /E e2 nearly constant. The use 

*A further approximate method is described in Ref. B12. 
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of a series screen resistor with a resistance equal to mR, (or slightly above this value) 
assists in maintaining the constant current ratio. 

(xiv) Combined screen and cathode loadlines and the effect of 

tolerances 
(A) Cathode loadlines 

The method normally adopted is an approximate one but very convenient, since 
it may be used directly with the plate dynamic characteristics. Provided that I b /I c2 = 
m = constant, the current through R k will be (m + 1) I b , so that it is necessary to 
use a " conversion factor " of m]{jn + 1) in respect to both the current and slope of 
the loadline. For example if m = 4, the loadline for a cathode bias resistor of 2000 
ohms would have a slope of — 1/2500 mhos. The effect of any error in the value of 
m is rninimized through the screen current being only a small fraction of the cathode 
current. 




12.20. Plate dynamic characteristics far type 6J7 with curves of constant 
plate to screen current ratio. The shaded area has m within ±5%. 
Fig. 12.21. Cathode loadline (OF) with single plate dynamic characteristic for 
type 6J7. The broken lines show the limits of ± 10% tolerances in R k . 

The method is illustrated in Fig. 12.21 where only one plate dynamic characteristic 
is shown, with a cathode bias loadline OF having a slope of — m/(m + l)R k . The 
static operating point is at P, the intersection of OF with the dynamic characteristic. 
Owing to the very large plate load resistors commonly employed, there is very litde 
rise in plate current due to rectification effects, so that P may be regarded as the 
dynamic operating point. 

The effect of ± 10% variation in R k is illustrated by lines OF" and OF' respec- 
tively in Fig. 12.21. 

It may readily be shown geometrically that ±10% variation in R k has less effect 
on /;, than ± 10% variation in E cl . 

(B) Cathode and screen loadlines and tolerances 

When both cathode and screen resistors are used, the point of operation is the 
intersection of the two loadlines (Fig. 12.22). In this diagram it has been assumed 
that the screen loadline is a straight line, this being closely correct except at very low 
and high values of I b . However, any practicable method for determining the screen 
loadline may be used — see (xiii) above. 

The effect of ± 10% variation in the resistance of R s is indicated by the broken 
lines, and the combined effect with ±10% variation of both R s and R k is indicated 
by the region shown shaded. It is on account of these inevitable variations, together 
with valve variations, that it is inadvisable to operate with too low a nominal screen 
voltage and consequently very close to the grid current point. 

(C) Tolerances in general 

All three resistors R L , R s and R k have partially self-compensating effects which 
enable fairly satisfactory results to be obtained with ordinary 10% tolerances in the 
resistors. If operation is required for minimum harmonic distortion at low level or 
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FIG. 13.22 




Fig. 12.22. Plate dynamic characteristics of type 6J7 with screen and cathode loadlines, 
showing the effect of ± 10% tolerances in both R, and i?*. 



for a high output voltage, the resistors may beneficially have closer tolerances or be 
selected so that high R L , high R, and high R k go together, and similarly with low 
values. 

The supply voltage may be varied by a ratio up to 2 : 1 in either direction without 
very serious effects in normal operation and without necessarily making any change 
in R L , R„ or R k . 

(zv) Remote cut-off pentodes as r.c.c. amplifiers 

Remote cut-off (" variable-mu ") pentodes may be also used satisfactorily as r.c.c. 
amplifiers, although they give higher distortion for the same voltage output, and should 
therefore be restricted to low level operation. However, they are quite satisfactory 
in ordinary radio receivers for the first a-f stage driving an output pentode. Opera- 
tion is slightly more critical than with sharp cut-off pentodes, but a value of K = 0.78 
is reasonably close for low level operation. 

As a typical example, intermodulation distortion on type 6SF7 is tabulated for 
E bh = 250 volts. 



Rl 


R 8 E = 10 


19 


37 


63 volts r.m.s. 


0.25 M.Q 


0.25 M.Q 1.8% 


5.5% 


17% 


— 




0.5 1.5% 


4.0% 


13.5% 


52% 




1.0 1.2% 


3.0% 


10.5% 


34% 




Optimum value of K 








0.25 MQ 


0.8 


0.78 


0.73 


0.63 



(xvi) Multigrid valves as r.c.c. amplifiers 

All types of multigrid valves may be used as r.c.c. amplifiers, and behave effectively 
the same as pentodes provided that the unused grids are connected to suitable fixed 
voltages. Operating conditions, including suitable values of K, are the same as for 
pentodes. 

(xvii) Special applications 

1. An article giving useful information on 28 volt operation is Ref B4 

2. An article describing a special pentode operating as two triodes in cascade, 
giving gains up to 500 with a 45 volt plate supply, is Ref. B6. 
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(xviii) Comments on tabulated characteristics of resistance-coupled 
pentodes 

Comments are as for triodes — Sect. 2(xiv). See Sect. 3(v), (vi)B and E for optimum 
operating conditions. 



SECTION 4: TRANSFORMER-COUPLED 
AMPLIFIERS 



VOLTAGE 



(t) Introduction («) Gain at the mid-frequency (Hi) Gain at low frequencies 
(iv) Desirable valve characteristics (v) Equivalent circuits (vi) Gain and phase shift 
at all frequencies (vii) Transformer characteristics (viii) Fidelity (ix) Valve load- 
lines (x) Maximum peak output voltage (xi) Transformer loading (xii) Parallel 
feed (xiii) Auto-transformer coupling (xiv) Applications (xv) Special applications. 

(i) Introduction 

Transformer-coupled voltage amplifiers usually employ general purpose triode 
valves with plate resistances about 6 000 to 10 000 ohms. Valves having higher 
plate resistance require excessively large transformer inductances, while valves having 
lower plate resistances are only used in special 
applications, with transformers designed to 
handle the higher plate currents. 

A typical transformer-coupled amplifier 
stage is shown in Fig. 12.23 where V x is the 
valve under consideration, with transformer 
T coupling it to the grid of the following 
valve (V 2 ). The stage gain is the voltage 
gain from the grid of V x to the grid of V % . 
Push-pull transformers are covered in Section 
6. Read also Chapter 5 Sections 1, 2 and 3- Fig. 12.23. Circuit diagram of 

transformer-coupled voltage amplifier 




input 



(ii) Gain at the mid-frequency 

An unloaded transformer with high inductance and low losses has a very high 
impedance at the mid-frequency; an input impedance of 1 megohm at 1000 c/s 
is not uncommon. 
With the circuit of Fig. 12.23, the voltage gain at the mid-frequency is very nearly 
A = ilT ' (1) 

where /*. = amplification factor of valve 
T = turns ratio = N 2 /N x 
N t = primary turns 
and N 2 = secondary turns. 
The gain with loaded transformers is dealt with in (xi) below. 

(iii) Gain at low frequencies 

At low frequencies the gain is reduced by the shunting effect of the primary induct- 
ance. The gain relative to that at the mid-frequency (A ) is given in Chapter 5 
Sect. 3(iii)a particularly eqn. (1). 



(iv) Desirable valve characteristics 

(a) Low plate resistance — gives better bass response. 

(b) High amplification factor — gives higher gain. 
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(c) Low operating plate current — reduces the direct current through the trans- 
former primary and thus increases the effective inductance compared with a 
valve having a higher plate current. If necessary, any valve may be over- 
biased so as to bring the plate current to a suitable value — 5 mA is quite usual. 

(d) High maximum plate voltage — only desirable if a high input voltage is required 
by the following stage (e.g. push-pull low mu triodes, or cathode follower). 

(v) Equivalent circuits 

See Chapter 5 Sect. 2, particularly Fig. 5.9, the input terminals of which are to be 
understood as being connected to a generator fie,, in series with r p . 

(vi) Gain and phase shift at all frequencies 

A transformer tends to produce a peak in the gain/frequency characteristic due to 
the series resonance between the total leakage inductance and the distributed capacit- 
ance of the secondary. This peak may be made negligible by ensuring that 

Q t = co.L'/ir, + (rJT*) + r P ] <; 0.8 (2) 

where Q t = Q of resonant circuit in secondary 

<*>! = 2n x frequency of resonance = \Zl/L'C 2 T 2 
U = leakage inductance referred to primary 
C 2 = secondary equivalent shunt capacitance 
r x = d.c. resistance of primary 
r 2 = d.c. resistance of secondary 
and T = turns ratio = NJN-y. 

Irrespective of the value of Q a> there is a 90° phase angle shift (lagging) at the fre- 
quency of resonance which extends asymptotically to 180° at infinite frequency. The 
rate of change is more gradual for lower values of Q s . It is on account of this phase 
shift that transformer coupling is avoided as far as possible with negative feedback, 
and that (when unavoidable) the secondary is heavily damped to give a low Q s . 

At low frequencies a transformer-coupled amplifier has the same attenuation and 
phase angle shift (leading) characteristics as a r.c.c. amplifier due to its grid coupling 
condenser alone (see Fig. 12.9). 

See Refs. A12 (pp. 366-371 and curves Fig. 13) ; A13 (pp. 28-38). 

(vii) Transformer characteristics 

See Chapter 5 Section 3. 

(viii) Fidelity 

Distortion caused by the valve is usually very low in the vicinity of the mid-fre- 
quency with unloaded transformers of high impedance — about 1% to 2% second 
harmonic with maximum grid swing — but it increases as the transformer is loaded, 
up to about 5% second harmonic and 2% or 3% third harmonic. At frequencies 
below 1000 c/s the impedance steadily falls, while the loadline opens out into a broad 
ellipse at low frequencies. The valve distortion may be considerable at high output 
levels under these conditions [see Chapter 2 Sect. 4(vi)]. 

The transformer (core) distortion is usually quite appreciable and may cause serious 
intermodulation distortion [see Chapter 5 Sect. 3(iii)]. 

(ix) Valve loadlines 

The loadline for the mid-frequency approximates to a resistive loadline [see Chapter 
2 Sect. 4(i) and (ii)]. The procedure is identical to that for Fig. 2.23 except that the 
loadline AQB is at a smaller angle to the horizontal. 

(x) Maximum peak output voltage 

To determine the maximum peak output voltage for the mid-frequency, refer to 
the published curves (say type 6J5), determine I b (say 5 mA) and E b (say 250 V) ; 
mark QatE b = 250, I b = 5 mA ; draw a horizontal loadline through Q ; determine 
E b0 for the grid current point (E c = — 0.5 V) on the loadline — here E b0 = 65 volts. 
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The maximum peak output voltage in this example is (E b — E b0 )T = (250 — 65) 
T ■= 185 T volts = 0.74 E b T. This is reduced as the load becomes less, and a value 
of about 0.65 E b T is fairly typical. 

(xi) Transformer loading 

A resistor shunted across the secondary reduces the value of Q„ thereby giving more 
uniform high frequency response, and also extends the low frequency response. A 
resistor shunted across the primary extends the low frequency response. Iff l is the 
low frequency giving a specified attenuation with an unloaded transformer, then the 
same attenuation is reached at 0-5 f x when the total shunt load effective across the prim- 
ary is equal to r v , and at (2/3) f t with a shunt load of 2r„. 

Loading results in higher valve distortion and secondary loading also results in 
higher transformer distortion. Loading is generally undesirable, although unavoid- 
able in some applications ; it reduces the maximum peak output voltage and the gain. 

The effective load on the valve is given by R L = R 1 + R 2 /T z 
where R ± = resistance shunted across the primary 

R 2 = resistance shunted across the secondary 
and T = NJN-i = turns ratio. 

(xii) Parallel feed 

Parallel feed (Fig. 12.24) avoids the direct plate current passing through the trans- 
former primary and thereby increases its effective inductance, and decreases trans- 
former distortion. Owing to the drop in R L the average plate voltage will be con- 




Fig. 12.24. Circuit diagram of 
parallel-fed transformer-coupled volt- 
age amplifier. 



siderably less than the supply voltage and this may restrict the maximum output 
voltage. If a high output voltage is required, the supply voltage may be increased 
up to the maximum rating. It is generally desirable to make R L a resistance of 3 or 4 
times the plate resistance of the valve. Higher values of R L result in increased dis- 
tortion at low frequencies due to the elliptical load-line. Lower values of R L result 
in lower gain and increased distortion at all frequencies. 

The optimum value of C is dependent upon the transformer primary inductance, 
and the following values are suggested — 

L = 10 20 30 50 100 150 henrys 

C = 4.0 2.0 2.0 1.0 0.5 0.5 /uF. 

These values of capacitance are sufficiently high to avoid resonance at an audible 
frequency. Use is sometimes made of the resonance between C and the inductance 
of the primary to give a certain degree of bass boosting. By this means a transformer 
may be enabled to give uniform response down to a lower frequency than would other- 
wise be the case. It should be noted that the plate resistance of the valve, in parallel 
with R L , forms a series resistance in the resonant circuit. The lower the plate re- 
sistance, the more pronounced should be the effect [see Chapter 15 Sect. 2(iii)CJ. 

It is frequently so arranged that the resonant frequency is sufficiendy low to pro- 
duce a peak which is approximately level with the response at middle frequencies, 
thereby avoiding any obvious bass boosting while extending the frequency range to a 
maximum. 

For mathematical analysis see Ref. A13 pp. 38-41. 

In all cases when making use of any resonance effects involving the inductance of 
the transformer primary, it is important to remember that this is a variable quantity. 
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Not only are there considerable variations from one transformer to another, but there 
are large variations of inductance caused by the a.c. input voltage (see Chapter 5). 
The series resonant circuit presents a low impedance to the valve at the resonant 
frequency, thus tending to cause serious distortion, particularly when the valve is 
being operated at a fairly high level. Fot these reasons the resonance method is not 
used in good design. 

(ariii) Auto-transformer coupling 

An " auto-transformer " is a single tapped inductance which is used in place of a 
transformer. Fig. 12.25 shows a parallel-fed auto-transformer coupled amplifier. 
The auto-transformer may be treated as a double-wound transformer (i.e. with 
separate primary and secondary) having primary turns equal to those between 
the tap and earth, and secondary turns equal to the total turns on the inductance. 
A step-up or step-down ratio may thus be arranged. An ordinary double-wound 
transformer may be connected with primary and secondary in series (with sections 
aiding) and used as an auto-transformer, but capacitance effects between windings 
may affect the high-frequency response of certain types of windings. 

The inductance between the tapping point and earth should be the same as for a 
normal transformer primary. With the parallel-fed arrangement of Fig. 12.25 the 
plate current does hot flow through the inductance, but an alternative arrangement is 
to omit the parallel-feed and to add a grid coupling condenser and grid resistor for V t . 



FIG. 13.25 c 

-te 




Fig. 12.25. Circuit diagram of parallel-fed auto-transformer coupled voltage amplifier. 
Fig. 12.26. Choke-capacitance coupled voltage amplifier. 



(xiv) Applications 

The cost of a transformer having linear response over a wide frequency range is 
considerable and, since equally good response may generally be obtained by a very 
simple resistance-coupled amplifier, the transformer is only used under circum- 
stances where its particular advantages are of value. Some of these are — 

(1) High output voltage for limited supply voltage^ 

(2) Stepping up from, or down to, low-impedance lines, 

(3) When used with split or centre-tapped secondary for the operation of a push- 
pull stage, and 

(4) When a low d.c. resistance is essential in the grid circuit of the following stage. 

(xv) Special applications 

(a) Cathode loading : V r in Fig. 12.25 may be connected as a cathode follower 
either with the transformer primary in the cathode circuit or with parallel feed (see 
Chapter 7 Sea. 2(i)G). 

(b) 28 volt operation : see Reference B4. 
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SECTION 5 : CHOKE-COUPLED AMPLIFIERS 

(*) Performance (it) Application. 

(i) Performance 

A typical choke-capacitance coupled amplifier is shown in Fig. 12.26. The opera- 
tion and design are similar to those of a transformer-coupled amplifier (Fig. 12.23) 
with a transformer ratio 1 : 1 except that C must be designed as in a r.c.c. amplifier 
to avoid additional low frequency attenuation. An amplifier of this type produces 
a higher maximum output voltage than a r.c.c. amplifier but less than that with a step- 
up transformer. 

(ii) Application 

It is occasionally used with valves having rather high plate currentj for which a 
suitable transformer may not be available. It was also used with tetrode valves of 
old design, the inductance being several hundred henries, shunted by a resistance of 
about 0.25 megohm. 



SECTION 6: METHODS OF EXCITING PUSH-PULL 
AMPLIFIERS 

(*) Methods involving iron-cored inductors (ii) Phase splitter (Hi) Phase inverter 
(iv) Self-balancing phase inverter (v) Self-balancing paraphase inverter (vi) Com- 
mon cathode impedance self-balancing inverters (vti) Balanced output amplifiers 
with highly accurate balance (viii) Cross coupled phase inverter. 

Normally we begin with a single-sided amplifier, and then at some suitable level 
a stage may be inserted having a single input and a push-pull output. In a radio 
receiver such a stage usually immediately precedes the output stage, but in more 
ambitious amplifiers there may be several intermediate push-pull stages. In this 
section we consider the methods of exciting push-pull amplifiers. 

(i) Methods involving iron-cored inductors 
(A) Tapped secondary transformer (Fig. 12.27 A) 

This needs litde explanation except that the input transformer step-up ratio (prim- 
ary to half secondary) does not usually exceed 1 : 2. The fidelity is largely dependent 
upon the quality of the transformer. This method may be used with almost any type 
of amplifier, and the arrangement illustrated is merely typical. For example, fixed 
bias operation, or operation with triodes in place of pentodes could equally well be 
adopted. 




® 




Fig. 12.27. (A) Triode valve (V x ) followed by transformer (T) having centre-tapped 
secondary and exciting the grids of the push-pull stage (V u V 3 ). (B) Modified form with 
non-centre-tapped transformer, using two resistors to provide an equivalent centre-tap. 
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(B) Centre-tapped resistor across secondary (Fig. 12.27B) 

This is an alternative arrangement which does not require centre-tapping of the 
transformer secondary. In this case an ordinary transformer with a single secondary 
winding is used, and a centre-tapped resistor (R x = jR 2 ) is connected across the 
secondary. The resistors cause a load to be reflected into the plate circuit of V t 
which is equal to (R t + RJ/T* where T = N 2 /N t . For example if R t = R 2 = 0.1 
megohm, and T = 3, the load reflected into the plate circuit will be 200 000/9 = 
22 000 ohms. This load is lower than some triodes are capable of handling without 
noticeable distortion, and it might be necessary to increase i? x and R 2 , the limit being 
set by the maximum grid circuit resistance permitted with valves V 2 and V 3 . In 
addition, this arrangement gives greater distortion than the centre-tapped trans- 
former when the valves are slightly over-driven and pass grid current. 

(C) Centre-tapped choke (Fig. 12.28) 

This is an alternative method sometimes used, involving parallel feed. The 
effective voltage gain from primary to half secondary is 1/0.5, indicating a loss as 
compared with a transformer. It is difficult to obtain perfect balance between the 
two sides. 

(D) Choke-coupled phase inverter — see page 355. 

(ii) Phase splitter 

(A) This is an excellent method which is also self-balancing. Its principal charac- 
teristics are given in Chapter 7 Sect. 2(ii)B and Fig. 7.25. Perfect balance* is ob- 
tained at low frequencies if the plate and cathode load resistors are equal, while com- 
mercial tolerances in the following grid resistors have only a small effect on the balance. 
General purpose triode valves are normally used, and the gain is about 0.9 to each 
side of the output. The input resistance is of the order of 10 megohms, and the 
harmonic distortion is extremely low. 




Fig. 12.28. Triode valve (V x ) with parallel feed and centre-tapped choke exciting the 

grids of the push-pull stage. 
Fig. 12.29A. Modified form of phase splitter giving full gain without degeneration. 
The input is from grid to cathode and cannot be earthed. The cathode resistor is by-passed 

to provide full gain. 

An analysis of the balance with equal load resistors and shunt capacitors is given 
in Ref. C27, indicating that under these conditions the balance is perfect at all fre- 
quencies. However, in practice, the total shunt capacitances across the two channels 
differ slightly and there is a slight (and generally negligible) unbalance at high fre- 
quencies ; see also page 330. 

If a high gain amplifier is placed between the phase splitter and the output stage, 
hum may be troublesome. Part of the hum is due to the difference of potential 
between the heater and cathode. This may be reduced by operating the heater of 
the phase splitter from a separate transformer winding which may be connected to a 
suitable point in the circuit at a potential approximating that of the cathode. 

It is normal practice to assume a maximum r.m.s. output voltage (grid-to-grid) 

♦In an experimental test it is important to reverse the phase of the input from the B.F.O. when the 
valve voltmeter is moved from one output to the other. 
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of 0.18E b 6 for less than 2% total harmonic distortion, equivalent to 0.25 E bb peak-to- 
peak output. The distortion drops rapidly as the output voltage is decreased. With 
a plate supply voltage of 400 volts to the phase splitter, the output is sufficient to 
excite push-pull Class A 2A3 valves operating with 250 volts on their plates and — 45 
volts bias. 

A complete circuit with 3 stages incorporating a phase splitter and negative feed- 
back is shown in Fig. 7.42. 

(B) A modified form of phase splitter (Fig. 12.29 A) gives the full gain without 
degeneration, but the input is floating and cannot be earthed. For this reason it 
cannot generally be used with a pickup, although it may be applied to a radio re- 
ceiver. In the latter application, the valve may be a duo-diode triode performing 
detection and 1st a-f stage amplification ; a.v.c. may be operated with some com- 
plication. This circuit is particularly prone to suffer from hum, owing to the high 
impedance from cathode to earth and the high gain. The hum may be minimized 
by adjusting the potential on the heater to approximately that of the cathode. 

References (C) 1, 3, 7, 11, 12. 

(C) It is possible to apply positive feedback from a tapping on the cathode 
resistor, through a coupling resistor to the unbypassed cathode of the preceding r.c. 
pentode, and thus increase the gain. A direct-coupled version is shown in Fig. 7.51A. 
See Chapter 7 Sect. 2(xi). 

(D) Another modification (Fig. 12.29B) also gives high gain not from the phase 
splitter itself but from the preceding stage. It makes use of the high input resistance 
of the phase splitter as the dynamic load on V u thereby increasing its gain. The full 
analysis of its operation is given in Reference C18 and the following is a s ummar y 

The effective cathode load on V % (apart from the cathode resistor R 8 ) is R 2 and R s 
in parallel, i.e. 20 000 ohms, which is the same as JR 4 . The cathode resistor i? 8 
is by-passed in order to increase the input resistance. 



FIG. 12.29 B 




FIG.I2.29C 
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Fig. 12.29B. Phase splitter (Fj) using high input impedance to increase the gain of the 

preceding stage (V^) by about six times. 
Fig. 12.29C. Phase splitter using pentode with unbypassed screen and suppressor grid. 

The d.c. load resistance in the plate circuit of V r is R 1 + R 2 = 0.29 megohm, while 
the dynamic load is the input resistance of V. u i.e. [see Chapter 7 Sect. 2(ii)B] 

ri = R,/(l - A') 
where R„ = R&KRi + R 3 ) = 167 000 ohms 
and A' & 0.9, 
so that in this example, r/ = 1.67 megohms. 

The gain of V x is given by 

* g» _ 95 ° =11 oo 

1 ~ (1/r,) + d/r/) 1/4 + 1/1.67 1L ™> 
which is about 6 times the gain under normal conditions. 
The circuit is nearly balanced if R A = R c and 

E 01 /*2^g —Re 

E 2 f-^-a + r vi + R c 
where R c = R^RJiR^ + R b ). 
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The out-of-balance, being about 1.2% in this example, is negligible. 

(E) A further type makes use of a heptode (mixer) valve in which unequal 
load resistors are placed in both plate and screen circuits, the push-pull output being 
taken from plate and screen. The input is taken to grid No. 3. 

Ref. C20. 

(F) A further modification makes use of a pentode with an unbypassed 
screen. The two output voltages are taken from plate and screen, and the sup- 
pressor grid is maintained at a negative potential with respect to the cathode (Fig. 
12.29C and Ref. C23). 

(iii) Phase inverter (Fig. 12.30A) 

This is a popular arrangement with twin triode valves, either general purpose or 
high-mu. It is not self-balancing, and requires individual adjustment for accurate 
balance both during manufacture and after the valve has been replaced. It is slightly 
out of balance at very low frequencies owing to the two coupling condensers operating 
in the lower channel, but C 2 may be made larger than C x if desired. It gives a gain 
(to each channel) equal to the normal gain of one valve. 

If it is preferred to avoid individual balancing, the value of R 2 is given by 
R 2 = (R t + Ri)/A where A is the voltage gain of valve V 2 . If .Ri and R 2 both have 
±10% tolerances, the maximum possible out of balance will be nearly 20% due 
to the resistors alone, plus valve voltage gain tolerances. 

Separate cathode resistors, each by-passed, are helpful in reducing valve gain 
tolerances, but require independent cathodes. If a common cathode resistor is used, 
it may be unbypassed, thus introducing negative feedback for out-of-balance voltages. 
The hum level is quite low. 

N.B. This circuit was originally named Paraphase, but the latter name covers a 
large number of different circuit arrangements and cannot therefore be used to dis- 
tinguish one from another. 

References CI, C3, C7, Cll, C14. 




Fig. 12.30A. Conventional form of phase inverter in which V t excites V 3) and V 2 
excites V ti the grid of V 2 being connected to a tapping on the grid resistor of V s . 
Fig. 12.30B. Phase inverter with pentodes using the suppressor grids for self-balancing 

(Ref. C19). 

(iv) Self-balancing phase inverter (Fig. 12.30B) 

In this circuit V x and V 2 are pentodes, and any unbalanced voltage appears across 
the common plate resistance i? 3 and is fed to both suppressors through the blocking 
condenser C 3 , thus causing degeneration in the valve producing the larger signal 
output, and regeneration in the other. Ref. CI 9. 

(v) Self-balancing paraphase inverter 
(A) Floating paraphase (Fig. 12.31) 

This circuit is, to a considerable extent, self-balancing thereby avoiding any neces- 
sity for individual adjustment except in cases where a very high accuracy in balancing 
is required. 
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In order to visualize the operation of this circuit consider firstly the situation with 
V 2 removed. Resistors i? 5 and R 9 in series form the load on valve V 13 and the voltage 
at the point X will be in proportion to the voltage at the grid of V s . When V 2 is 
replaced, the voltage initially at point X will cause an amplified opposing voltage to be 
applied to resistors R-, and R 9 . If resistor i? 7 is slightly greater than R 5 , it will be 
found that the point X is nearly at earth potential. If the amplification of V 2 is high, 
then R 7 may be made equal to R B and point X will still be nearly at earth potential. 
The point X is therefore floating, and the circuit a true Paraphase ; the derivation 
of the name " Floating Paraphase " is obvious. 



FIG. 12.31 



INPUT 




Fig. 12.31. The Floating Paraphase self-balancing phase inverter with cathode bias. 
Fig. 12.32. The Floating Paraphase circuit with fixed bias in the following stage. 

The degree of balance is given by 

where A 2 = voltage gain of V. 2 into plate load resistor i? 4 and following grid resistor R,. 

If R h = R 7 = R 9i then EJE t = 1 + 3/A 2 (2) 

If V 2 is type 6J5 (or half type 6SN7-GT) R t = 0.1, R 5 = R 7 = R 9 = 0.25 megohm, 
then A 2 = 14 and EJE 2 = 1.21 which is too high to be acceptable. In such a case 
R, may be increased to, say, 0.3 megohm giving EJE 2 = 1.03. 

If V 2 is type 6SQ7 with i? 4 = R s = R 7 = R 9 = 025 megohm, then A 2 = 48 and 
Ei/Ei = 1.06 which is generally acceptable. 

If V 2 is a pentode (e.g. type 6J7) with R t — R s = R 7 = R 9 = 0.25 megohm, then 
A % = 104 and EJE 2 — 1.03,- which is very close. 

The gain from the grid of V x to the grid of V 3 is only slightly less than the gain 
with R 9 = 0. 

If fixed or partially-fixed bias is employed, it is 
necessary to couple the grid of V 2 to point X through 
a suitable condenser (C in Fig. 12.32). In addition, 
a hum filter (R 10 , C 10 ) may be required, because 
most partially-fixed bias sources contain appre- 
p >co f-vvwNA-o b+ ciable hum voltage ; any hum voltage appearing 
«L f 1 J across the grid resistor of V 2 is amplified by V 2 and 

V t . References C12, C14, C16. 

(B) Common plate impedance (Fig. 12.33) 

This follows the same principle as the Floating 

Paraphase, except that the common impedance is 
Fig. 12.33. Common plate . . , ... . . _ , c . . . 

impedance self-balancing m ^ dx ' P kte circmt mstead of in ^ shunt a - c - 
phase inverter. (following grid) circuit. Here similarly 



FW. 12.33 
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+ 



RJ 



(3) 



E 2 R t ^ A 2 V ^ Ri 
while if R a = R t = R e , then EJE t = 1 + 3/ A, (4) 
where A 2 = voltage gain of V 2 into plate load re- 
sistance R t . Ref. C12. 



Fig. 12.34. " See-saw " 

self-balancing phase inverter 

(Ref. C9). 



(C) See-saw self-balancing phase inverter 

(Fig. 12.34) 
This is merely another form of the common plate 
impedance circuit, with two separate resistors. 
When R 3 = R t = R s , 

then EJE t = 1 + 3/(A 2 + 3) (5) 

For perfect balance, 

Ri = R 3 [1 + 6/(2A 2 - 3)]. (6) 

It is desirable for A 2 to be greater than 40, thereby 
giving an out-of-balance less than 7%. References 
C9, CIO, C17. 



(D) Modified see-saw self-balancing phase inverter (Fig. 12.35) 

This is very similar to the original form, except that it eliminates the loading of the 
grid resistor R 5 (Fig. 12.34). As a result the balance is improved : 
When R 3 = R i3 then 

EJE 2 = 1 + 2/(M + 2) (7) 

while for perfect balance, R t = R 3 [1 + 2/(A 2 - 1)] (8) 

References C9, CIO. 

(vi) Common cathode impedance self-balancing inverters 
(A) The Schmitt phase inverter 

This circuit has been described in Chapter 7 Sect. 2(viii)A. It is very useful with 
twin triode valves, and exact balance may be obtained by suitably proportioning 
the two load resistors. A slightly modified practical form is shown in Fig. 12.36. 
The gain with this type of circuit is only about half the normal amplification. Re- 
ferences C7, C12. 



FIG. 12.35 




-0B+ 



50,CO0fl->R t 



o-oy IMa 'Mft jo-oV 




OB- 
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; ^c-oijif 



OB- 



Fig. 12.35. Modified " see-saw " self-balancing phase inverter (Ref. CIO). 
Fig. 12.36. Practical " Schmitt " common cathode impedance self-balancing inverter 
using type 6C8-G twin triode (/* = 36). C x and C 2 should have high insulation resistance. 

(B) Two stage circuit (Fig. 12.37) 

This circuit includes a normal push-pull triode stage V X V 2 with the input applied 
to V x grid only. The grid of V 2 is excited from the common cathodes of the follow- 
ing stage (V 3 V 4 ) through blocking condenser C. Thus the out-of-balance voltage 
across R excites V 3 . No analysis appears to have been published. 
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(vii) Balanced output amplifiers 
with highly accurate balance 

For certain specialized applications it is 
necessary to have highly stable and accurate 
balance. This may be achieved in various 
ways including 

(a) the use of two or more inverters in 
cascade, the later ones operating with 
push-pull input. 

(b) the use of an additional valve to amplify 
the out-of-balance voltage before apply- 
ing it for correction (Ref. CI 3). 

(c) the use of the so-called " phase com- 
pressor " following the inverter — see 
Sect. 7(v). 

(viii) CrOSS coupled phase inverter Fig. 12.37. Two stage self-balancing 
The cross coupled phase inverter (Ref. C25) phase inverter with common cathode 
employs two twin triodes, the circuit impedance. 

being that of the second and third stages of Fig. 15.43A. In this application the 
single input may be connected between either of the two grids and earth, the other 
being connected to earth. The hum level from the plate supply is low be^ 5 " 15 ** hnr 
voltages balance out. 




SECTION 7 : PUSH-PULL VOLTAGE AMPLIFIERS 

(0 Introduction (») Cathode resistors (iii) Output circuit (iv) Push-pull im- 
pedance-coupled amplifiers — mathematical treatment (v) Phase compressor. 

(i) Introduction 

A push-pull voltage amplifier stage is one having push-pull (3 terminal) input and 
push-pull output. Two separate valves (or one twin valve) are required. The two 
valves are each treated as for a single-ended amplifier, whether resistance- or trans- 
former-coupled. 

(ii) Cathode resistors 

A common cathode resistor may generally be used and should not normally be by- 
passed. Separate cathode resistors are beneficial in that they aid in the correct 
adjustment of the operating point when this is at all critical, such as 

(a) r.c.c. pentodes when extremely low distortion is required*, 

(b) any r.c.c. valves operating near to the overload point, 

(c) transformer-coupled triodes when it is desired to reduce to a mini mum the 
out-of-balance direct current. 

(iii) Output circuit 

The voltage from plate to plate does not include any appreciable even harmonic 
distortion owing to the cancellation between the two valves, but it does include odd 
harmonics. The voltage from either plate to earth, however, includes even har- 
monics. If such a stage is r.c. coupled directly to the grids of a following similar 
push-pull stage, there is no benefit obtained in the form of reduced distortion. For 
the latter achievement it is necessary to use either a push-pull transformer with a 



•Alternatively a similar result may be achieved by adjusting the screen resistors. 
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centre-tapped primary, or the so-called " phase compressor " — see (v) below. The 
same also holds true when feeding into a single-ended stage. 

Many push-pull transformers are designed to operate with an out-of-balance plate 
current not exceeding about 1 or 2 mA, thus necessitating matched valves, or adjust- 
ed bias, or parallel feed. 

(iv) Push-pull impedance-coupled amplifiers — mathematical treat- 
ment (Fig. 12.38) 
Such a 6 terminal amplifier involves four gain factors 

A = e % le x for e x ' = (1) 

A' = e 8 '/V for e x = (2) 

y = — c 2 7ci f° r e i = ° ( 3 ) 

y = — e 2 '/e x ' for e x = (4) 

In a perfectly balanced amplifier A = A' and y = /. 

If there is no cross-coupling (e.g. from a cathode 
resistor common to both sides) y = / = 0.- 

In a linear amplifier — 




e 2 = Ae x — y'ei 


(5) 


e 2 ' = A'ei — ye x 


(6) 


Differential gain = (e 2 — « a ')/(*i — ti) 


(7) 


= KA + A' + y + y') 


(8) 



OB + 



FIG. 12*39 



Fig. 12.38. 6 terminal 
push-pull amplifier. 

In-phase gain = (e 2 + c 2 0/(«i + e i) ( 9 ) 

= KA + A' - y - /) (10) 

Inversion gain = (e 3 — e i ')/\{e l + e x ') (11) 

= A - A' + y - y (12) 

Differential unbalance = (e 2 + e 2 ')/(ci — «i') ( 13 ) 

= &A-A' -y + y') (14) 

In an amplifier without cross-coupling, y = y = : 
Differential gain = i(A + A') = average gain of two 
sides. 

In-phase gain = differential gain. 
Inversion gain = A — A' = difference between gains 

of two sides. 
Differential unbalance = %(A — A'). 

See also pages 573-574 for the theory of push-pull 
amplification based on the expansion of the valve 
characteristic into an infinite series. 

(v) Phase compressor 

The so-called " phase compressor " is rather a mis- 
nomer since its function is to eliminate the in-phase 
components (e.g. even harmonics) from a nominally 
push-pull output. In this application it operates in 
i »| I ~~_\ ver y mucn the same manner as a transformer. The 

oomf K^r>J circuit is given in Fig. 12.39 and is a push-pull phase 

splitter with the addition of capacitances C x and C s 
from each plate to the opposite output terminal. It is 
these condensers which attenuate in-phase components. 
The gain for push-pull input is approximately 0.9 from 
Fig. 12.39. Circuit of the input to output. 

ltori«nSSe" JUL Even if the in P ut **>* is im P erfectl y balan «d, the 

portents and posing on a out Put is still balanced. This circuit, unlike a trans- 

pure push-pull output former, does not remove hum from the B+ line, but 

voltage (Ref. C8). reduces it to about half at the output terminals. Ref. C8. 
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SECTION 8 : IN-PHASE AMPLIFIERS 

(0 Cathode-coupled amplifiers (ii) Grounded-grid amplifiers (iii) Inverted input 
amplifiers (iv) Other forms of in-phase amplifiers. 

(i) Cathode-coupled amplifiers 

These are described in Chapter 7 Sect. 2(viii)B and. have many forms for special 
applications. In Fig. 7.46 the output from terminal B is in phase with the input. 
See references Chapter 7 Sect. 6(G). 

(ii) Grounded-grid amplifiers 

In these, the input voltage is applied to the cathode, the grid is earthed, and the 
output is taken from the plate, being in phase with the input. Driving power is 
required, so that it is not strictly a voltage amplifier. 

(iii) Inverted input amplifiers 

In Fig. 7.18 the input is from grid to plate and the output voltage is in phase with 
the input. 

(iv) Other forms of in-phase amplifiers 

There are many other forms too numerous to mention. 

SECTION 9 : DIRECT-COUPLED AMPLIFIERS 

(i) Elementary d-c amplifiers (it) Bridge circuit (Hi) Cathode-coupled (iv) 
Cathode follower (v) Phase inverter (vi) Screen coupled (vii) Gas tube coupled 
(viii) Modulation systems (ix) Compensated d.c. amplifiers (x) Bridge-balanced 
direct current amplifiers (xi) Cascode amplifiers. 

(i) Elementary d-c* amplifiers 

A direct-coupled amplifier is one in which the plate of one stage is connected to the 
grid of the next stage directly, or through a biasing battery or equivalent. It usually 
receives the plate, screen and grid voltages from sources which do not include any 
reactances such as filter or by-pass condensers. If this condition is fulfilled, it may 
amplify down to zero frequency without attenuation or phase shift ; it may also be used 
to amplify direct voltages. 



FIG.I2.40 




- E e + - E bb + 

Fig. 12.40. Elementary direct- 
coupled amplifier. 



- Ee+^ Ey,. 

Fig. 12.41. Direct-coupled amplifiers 
without "hot" grid bias battery. 



The most elementary form is Fig. 12.40 in which the plate of V x is coupled to the 
grid of V 2 through a bias battery t provide the correct grid bias. As it stands it is 
of little practical use, owing to the " hot " bias battery. 

A more practical circuit is Fig. 12.41 in which all the batteries may be at earth 
potential. Tapping point B has to be adjusted to give the correct bias between grid 

♦The abbreviation d-c amplifier is used in this Handbook to indicate a direct-coupled amplifier. 
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and cathode of V%. The voltage drop across R L1 will normally be more than half 
the voltage between A and C. 

A circuit requiring only a single source of voltage is Fig. 12.42 ; the two dividers 
are desirable to avoid interaction (degeneration) between the two stages unless the 
bleed current is very high. The output terminal is returned to a point on the voltage 
divider having the same potential. 

Another circuit requiring only a single source of voltage is Fig. 12.43 ; this has only 
a single voltage divider. The voltage drop across R ki must equal the plate voltage 
of Vi minus the grid bias of V 2 . There will be degeneration caused by the unby- 
passed cathode resistors, which may be avoided by a push-pull arrangement with 
common cathode resistors for both stages. 



FIG. 12.42 





Fig. 12.42. Direct-coupled amplifier with only one source of voltage (E bb ), 
Fig. 12.43. Direct-coupled amplifier with one source of voltage and one voltage divider. 

Pentodes may be used, if desired, in all these circuits by making suitable provision 
for the screen voltages. In Fig. 12.43 the screen of V x may be taken to a tap on R kiy 
provided that either the screen is by-passed to cathode, or R ki is by-passed ; the 
amplifier would then be limited to audio frequencies only (Ref. D40). 

When the first amplifier stage is a pentode, its load resistor may be increased to 
values much greater than those conventionally used, provided that sufficient negative 
voltage feedback is applied to secure an acceptable high frequency response (e.g. 
Ref. D40). 

A pentode may also be used with another pentode as its plate resistor. By this 
means a gain of several thousand times may be obtained, but this is only useful in 
electronic measuring instruments. 

Such circuits (Figs. 12.40 — 12.43) are generally limited to two stages. If any in- 
crease is made, there is distinct danger of slow drift occurring in the direct plate 
current, due to variations in battery voltages and valve characteristics. These may 
be minimized by voltage regulators and controlled heater voltage or current, or may 
be avoided by one of the special methods described below (viii to x). See also Refs. 
D36, D39. 

Negative feedback may be applied to any d-c amplifier in the normal manner. 

(ii) Bridge circuit 

The bridge circuit (Fig. 12.44) may be used with any number of stages in cascade 
from a single B supply. The basic design equations are : 

R 2 = R^E, + EJ/[E t - E b (l + Rt/R,)] (1) 

R 3 = R^Et - E 3 )/{E 1 - E b (l + RJR,)] (2) 

where -Rj, = the d.c. plate resistance of V x = E b /I b 
and E b = the direct plate voltage. 
Typical operation with 6SJ7 pentode as V x 

E bb = 400 volts, E x = E % = 200 volts, E b = 100 volts, E s = 0, RJR, = 0.5. 
Amplification is 71.4% of that as a r.c.c. amplifier. A two stage amplifier using type 
6J7 pentodes has an amplification of 100 per stage with fixed voltages for bias and 
screen supplies, or with push-pull connection. 

Negative feedback may be applied to this type of circuit. 

References D8, D15. 
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(ii) BRIDGE CIRCUIT 
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OUTPUT 
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12.44. " Bridge " circuit, 
direct-coupled amplifier. 



Fig. 12.45. Three stage d-c ampli- 
fier with V 2 and V z as cathode- 
coupled twin triodes. 



(iii) Cathode-coupled 

The fundamental form of a cathode-coupled amplifier is covered in Chapter 7 
Sect. 2(viii)B. 

Fig. 12.45 shows a conventional d-c single triode (Vj) followed by two twin triodes 
as d-c cathode-coupled amplifier stages. For example, V 2 has one triode as a cathode 
follower with its grid at a fixed voltage from the voltage divider R t R 2 , while the other 
triode operates as an amplifier but sharing the common cathode resistor R n . 



FIG. 1 2.46 




Fig. 12.46. Direct-coupled amplifier 

incorporating twin triode with relative 

positions opposite to those in Fig. 12.45 

(extracted from Ref. D19). 



Fig. 12.46 is an alternative arrangement in which the positions of the two triodes 
are reversed. This input circuit was primarily for use with a phototube (Ref. D19) 
but could be adapted to any other requirement. 

In the form shown, the output circuit has a direct potential difference, being in- 
tended for coupling directly to the screen of the 6V6 following. 

See also Section 6(vi). 

References Dl, D19 ; also Chapter 7 Refs. (G). 

(iv) Cathode follower 

The cathode follower may also be used as a d-c amplifier. One circuit is Fig. 12.47A 
in which the total cathode load is R k + RJl,/(R t + R 7 ). The value of R 7 is equal 
to (E bb /I b ) — R 6 so as to eliminate the undesired direct voltage across R 6 . 

References D15, D36. 



FIG. 12.47 A 



FIG. 12.47 B 



O B+ 





3QJ0OOP 



Fig. 12.47A. Cathode follower used as d.c. amplifier (Ref. £>15). 
Fig. 12.47B. Direct-coupled amplifier with r-c pentode exciting phase inverter (Ref. D14). 
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(v) Phase inverter 

A direct coupled amplifier having in the first stage a resistance coupled pentode, 
and in the second stage a twin triode phase inverter, is shown in Fig. 12.47B. The 
voltage gain is 67 db, with uniform gain up to 12 000 c/s. 

References D14, D15. 

(vi) Screen-coupled 

The preceding stage may be directly-coupled to the screen of a cathode follower 
pentode (Fig. 12.48). This circuit has a voltage gain of 30 db with 0.5% total har- 
monic distortion at 0.85 volt peak output. Output terminal A has a d.c. potential 
of — 1.5 volts, which may be used as bias for the following stage. 

Screen-coupled cathode followers are stable, with a wide-band frequency response, 
but the distortion is higher than with normal operation owing to the non-constant 
ratio of plate to screen currents. About 85% of this distortion can be cancelled by a 
push-pull arrangement. 

References D14, D19. 

(vii) Gas tube coupled 

Fig. 12.49 shows the simplest form of gas tube coupling in which a gas tube (GT) 
provides the desired voltage drop from the plate of V x to the grid of F 2 . The gas 
tube here must be a glow tube or neon lamp, a voltage regulator tube being unsuitable 
because its d.c. plate resistance is of the same order of magnitude as the plate load 
resistor. The values of R L1 and R„ must be carefully selected to meet the various 
limitations. 

tig. ij.49 




lfl OUTPUT 



+45V +2SOV 







Fig. 12.48. Two stage amplifier with the plate of the first stage directly-coupled to the 

screen of the second stage (Ref. D14). 
Fig. 12.49. Two stage amplifier with gas tube coupling from the plate of the first stage 
to the grid of the second, stage. 

Fig. 12.50 is an improved circuit in which an additional valve (6J5) is used as a 
cathode follower with its cathode impedance composed of the voltage regulator tube 
and the resistor R„. With this arrangement there is no d.c. load on the first amplifier 
and the input impedance of the cathode follower is so high that it does not affect the 
gain of the first stage. Almost all the signal voltage drop occurs across R B . The 
design of the first stage is independent of the d.c. resistance of the V.R. tube, but R ., 
must be much larger than the dynamic impedance of the V.R. tube. Negative feed- 
back for improved stability is provided by R k in the second stage. 

The gas tube introduces noise, hence should not be used in low-level amplifiers. 

For design, see Reference D13. 

(viii) Modulation systems 

Although not strictly direct-coupled amplifiers, they may be used in many applica- 
tions. The d.c. signal to be amplified modulates a carrier wave, and after sufficient 
amplification the modulated wave is detected to obtain the amplified signal. In a 
modified arrangement, the input signal is interrupted or " chopped." 

References D2, D8, D9, Dll, D20, D21, D22, D28. 
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Fig. 12.50. Improved two stage am- 
plifier with gas tube coupling, in 
which o cathode follower is introduced 
for better performance. 
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(ix) Compensated direct current amplifiers 

In these, some variable characteristic of the amplifying valve is balanced against 
the same variations in another valve, or against a different characteristic of the same 
valve. 

(A) Cathode compensation 

A typical circuit is Fig. 12.51A and makes use of a twin triode with common cathode 
resistance. This largely compensates for contact potential drift, and provides a stable 
amplifier provided that an accurately regulated power source is used. Valves with 
common cathodes are also used (e.g. 6SC7). 

A diode-triode or diode-pentode valve with a common cathode may also be used 
(Refs. D36, D39). 

Both cathode and B supply compensation 
may be obtained by returning the lower 
input terminal of Fig. 12.51A to a tapping 
point (+ E b /A) on the voltage divider 
(broken line) instead of to earth (Ref. D8). 

Other circuits used are series balance, 
and cascode series balance (Ref. D39) ; 
also cathode coupled phase splitter with 
single ended output (Refs. Dl, D39). 

References Dl, D4, D8, D15, D23, D24, 
D36, D39. 

(B) Compensation for filament and 
plate voltages L ~ T J 

This is used in the electrometer tube • 

circuit, and has low drift but cannot be F «- 12 - 51A - Cathode-coupled 
cascaded. Ref. D8. triode used as d.c amplifier 

(C) Compensation for emission cathode compensation. 
This can be obtained by a circuit using a pentagrid valve. Refs. D4, D8. 

(D) Push-pull operation 

A degree of compensation is provided by any push-pull amplifier An alternative 
form is a push-pull circuit in which one half only of each stage is used as an amplifier, 
and the other half as a dummy to reduce drift (Ref. D25). 

(x) Bridge -balanced direct current amplifiers 

With this type of direct current amplifier the regulation of plate and filament 
supplies usually becomes unnecessary. These are normally used only in laboratory 
instruments. Ref. D8. 

(xi) Cascode amplifiers 

The cascode amplifier fundamentally consists of two triodes connected in series 
(Fig. 12.51B). The usual arrangement in practice is to provide a fixed positive voltage 
for the grid of V^. 
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A cascode amplifier may be considered as a single valve having the characteristics 
Pi gms r v '. The load into which V % works is given by 



H + 1 
where n, g m and r p are the characteristics of both V x and 
The amplification of V % is therefore given by 

, pRl 

A ~ r, + {r, + Rj)/(r + l) 
l 



(3) 



1 



+- 



+ *L 



1 (4) 

g m R L ' R L Km + 1) 

Eqn. (4) may be compared with the ordinary form for expressing amplification, 
namely 

g m R L /* 
and it will be seen therefore that from equation (4) 
m0* + 1)2?z 



M = 

5 m m 



r, + R, 



and therefore r v ' = — ;—(/* + 1) 



& m 



TpRj 



(5) 
(6) 
(7) 



FIG. 12.518 



■r p + R L 

It is preferable to make R L very much greater than r v in order to avoid distortion in 
V t due to the low load resistance into which it works ; a value of 2pr v is satisfactory 

For example, consider a twin triode with y. = 20 and r„ = 10 000 ohms under 
resistance-coupled conditions. A suitable value for the load resistance is 2/t x 10 000 
= 400 000 ohms — say 0.5 megohm. 

From eqn. (5): /*' = 20 x 21 x 500 000 ~ 510 000 = 412 
From eqn. (6) : g„' = /x/r, = 20/10 000 = 2000 /xmhos. 
From eqn. (7) : r ,' = 21 x 10 000 x 500 000 4- 510 000 = 206 000 ohms. 

A high-mu triode would show even higher values of amplification factor and plate 
resistance, resembling those of a sharp cut-off r-f pentode. 

Curves have been drawn for some typical twin triodes 
operating as cascode amplifiers ; they resemble the 
curves of pentodes except that the rounded knee has 
been replaced by a nearly straight, sloping line (Ref. 
D35). 

One special application is as a low-noise r-f amplifier 
(Refs. D33, D35). 

Another application is as a voltage stabilizer (Refs. 
D32, D34). 

The cascode amplifier has been used as a direct cur- 
rent amplifier responding to zero frequency (Ref. D35). 

Two cascode amplifiers have been used in a " float- 
ing paraphase " push-pull amplifier operating with 
single-ended input, to deliver a balanced output. In 
this application, two high-mu twin-triode type 6SL7-GT 
valves were used each as a cascode amplifier, to deliver 
an output of about 30 volts peak, each side. Only one 
coupling capacitor was used in the whole stage, thus 
simplifying the design of the feedback circuit (Ref D41). 

References to cascode amplifiers : D32, D33, D34, D35, D36, D41. 
References to direct-coupled amplifiers (general) Refs. (D). 

Ref. D36 is particularly valuable as it gives a detailed examination of the whole 
subject, including all causes of " drift." See also Chapter 2 Sect. 2(vii) Drift of 
characteristics during life, and (viii) Effect of heater voltage variation. 




Fig. 12.51B. Funda- 
mental circuit of cascode 
amplifier. 
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SECTION 10 : STABILITY, DECOUPLING AND HUM 

(z) Effect of common impedance in power supply (ii) Plate supply by-passing (iii) 
Plate circuit decoupling (iv) Screen circuit decoupling (v) Grid circuit decoupling 
(vi) Hum in voltage amplifiers. 

(i) Effect of common impedance in power supply 

Every form of power supply has some impedance — even a dry battery has appreci- 
able internal resistance, particularly when partially discharged. This is represented 
by the resistance i? 4 in Fig. 12.52. 

When two circuits operating at the same frequency have an impedance common to 
both there is coupling between them, and the phase relationships may be such that the 
coupling is either regenerative or degenerative. In the former case instability may 
result. 

A two-stage resistance coupled a-f amplifier has degenerative coupling through the 
common power supply since the plate currents are out of phase. 

A three stage r.c.c. amplifier (Fig. 12.52') has the signal plate currents of the first 
and third stages in phase, and the total signal current through R A is I vl + I vZ — I p2 . 
Since (I vl + I vS ) is greater than I p3 , the resultant signal current through R t will be 
in the direction of I vZ , thus causing across i? 4 a signal frequency voltage drop E t . 
As a result, the signal voltage applied to the grid of V 2 through R L1 and C x will be in 
phase with the normal signal on the grid of V^ thus giving positive feedback. If 
the gain of the amplifier is high, there may be sufficient positive feedback to cause 
oscillation. This effect may be prevented by the use of decoupling. 

On the subject of stability, see Chapter 7 Sect. 3 (stability with feedback), also 
Ref. El (requires a high standard of mathematics). 





Fig. 12.52. Three stage amplifier 

demonstrating the effects of impedance 

(R4) in the power supply. 



Fig. 12.53. Plate cir- 
cuit decoupling. 



(ii) Plate supply by-passing 

The simplest form of decoupling, but one having limited usefulness, is a large 
capacitance across the power supply (points A and B in Fig. 12.52). This reduces 
the effective power supply impedance to a low value except at very low frequencies, 
but it may not be sufficient to prevent low frequency instability (" motor-boating ") 
and frequently requires to be supplemented by plate circuit decoupling. 

This by-pass capacitance also fulfils a useful purpose in that it completes the circuit 
for signal frequencies without appreciable signal currents passing through the B 
battery or power supply. 

Electrolytic condensers are generally used ; if paper condensers are used they should 
be of a type having low inductance. Either type of condenser may need, in certain 
rare cases, to be shunted by an additional condenser with a small value of capacitance. 

(iii) Plate circuit decoupling 

The most popular method is illustrated in Fig. 12.53 where R d is the decoupling 
resistance and C the decoupling capacitance. The signal plate current I v divides 
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between the path through C and the path through the B supply in the ratio 

n ~ x* 

where R k = resistance of*B supply 
and X c = l/a>C = 1/(2tt/C). 

If X e is very much less than R d + R t then almost the whole of the signal current 
will pass through C, thus reducing the coupling through the B supply. If the value 
of J? 4 is unknown, it may be neglected as an approximation, since R d is usually much 
greater than R t . 

The decoupling circuit comprising C and R d is actually a resistance-capacitance 
filter [for theory see Chapter 4 Sect. 8(ii)]. The frequency at which the current 
divides equally between the two paths is given by 

A *« \/2*R d C (2) 

A normal minimum value of R d C is 10 000 x 10 -e , giving a time constant 0.01 
second andfi aa 16 c/s. Typical combinations for this value of RC are : 
R d 5000 10 000 20 000 40 000 100 000 ohms 

C 2 1 0.5 0.25 0.1 pF 

Higher values of C may, of course, be used if desired ; these higher capacitances are 
often necessary in pre-amplifiers where several stages operate from the same power 
supply. 

The total d.c. load resistance in the plate circuit is R L + R d (+ R t if desired), and 
the quiescent operating conditions should be based on this value. On the other 
hand, the dynamic (a.c.) load is approximately R L . 

The dynamic operating conditions (gain, voltage output etc.) may be determined 
by referring to the published data for a supply voltage the same as that for point M 
(Fig. 12.53). The voltage from M to earth is given by 

E M = E bb - /^ d (3) 

where I b — KE bb /R L 

and the value of K (for low level operation) may be taken as approximately 
K = 0.75 for general purpose triodes and pentodes 
K = 0.6 for high-mu triodes 
[for more exact values see Sects. 2 (vi) for triodes and 3 (vi) for pentodes]. 

A good general value of R d for most purposes is one fifth of R L . If the stage is 
operating at low level, R d may be increased up to about the same resistance as R L 
to give better decoupling. If the stage is operating at high level, R d should be reduced 
as much as possible provided that sufficient decoupling can be maintained. This 
may be assisted by increasing C, but the cost and size of paper condensers may set 
a limitation. Two stages of decoupling can sometimes be used to advantage. Elec- 
trolytic condensers should be used with caution, since their leakage currents are 
appreciable and they tend to cause noise if used in low level stages. They should 
never be used with values of R d above 50 000 ohms, and very much lower values 
are desirable. 

The plate decoupling circuit of Fig. 12.53 has the effect of increasing the bass 
response, since at extremely low frequencies the total plate load becomes very nearly 
(R L + R d ). If V x is a triode, and R L is greater than 5 r P , then the effect is slight. 
If V x is a pentode, or a triode with R L less than 5 r s , the effect may be appreciable. 
The increase of gain and the phase angle are both identical in form (except for the 
sign) with the loss of gain and phase angle caused by the cathode bias resistor and by- 
pass condenser — see Section 2 (iii) for triodes and 3 (iv) for pentodes ; also Ref. E3 
for curves. 

The limiting increase in gain is given by 



_ _1 

~ * + (R L */RiXl/r, + 1/R.) + R L (1/r, + l/R, + 1/R d ) (4) 

or if r „ >> R L as for pentodes, 

A_ R„R d 

A ** + R L <iR L +R d + R.) (5) 
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or if the effect of R g may be neglected. 



1 + 



rji. 



(6) 



R L (R L + R d + r p ) 
Example : Pentode with R L = 0:25, R d = 0.05, R„ = 1 megohm. 
A' I A eg 1.15. 

This increase of gain at low frequencies may be exactly cancelled by a suitable 
choice of cathode bias resistor and by-pass condenser (Refs. E3, E5) provided that 
R L and R d are small compared with r v and R g : for triodes — 

R k = R d /R lgm and CR* = CR d (7) 

and then A = g m r v R L /(r v + R L ). (8) 

This generally gives a value of R d greater than R L , and is of limited usefulness. 

A special circuit giving plate decoupling without decoupling condensers, 
suitable for use at low frequencies, is shown in Fig. 12.54 (Ref. E4). The plate cur- 
rents of the last two valves, which are in phase opposition, flow through separate im- 
pedances Z 1} Z 2 , of such value that the back cm.f.'s developed across them and the 
common impedance Z 3 of the plate supply balance out at the junction points Jl, J2. 
The screens and plates of the preceding valves are supplied from J2 and Jl through 
pairs of resistances R, R and JR^ R x in order to balance out undesirable ripple. 

The need for decoupling is less when push-pull operation is used, although there 
is still the possibility of motor-boating arising from the effect on earlier stages of plate 
supply voltage variations caused by the final stage. The latter are small when pure 
Class A operation is employed. 

Chokes may be employed instead of resistors for decoupling, and are frequently 
used when the plate currents are large — e.g. power amplifiers. 

It is desirable in all cases to reduce the internal resistance of the power 
supply, so that even at very low frequencies there may be no tendency towards the 
production of relaxation oscillations (" motor-boating "). Power supplies having 
good regulation have low effective internal impedance ; thermionic valve type voltage 
regulators are highly desirable for special applications and have the feature of re- 
taining low internal impedance characteristics down to the lowest frequencies, if 
correcdy designed. 

Motor-boating in transformer-coupled amplifiers may frequently be cured by 
reversing the transformer connections on either primary or secondary. This has the 
effect of providing degeneration instead of regeneration, and may have an adverse 
effect on the frequency response (Ref. E3). 




Fig. 12.54. 



Special circuit giving plate decoupling without decoupling condensers 
(Ref. £4). 



(iv) Screen circuit decoupling 

Resistance-coupled pentodes in multistage amplifiers should always have their 
screens separately decoupled from B+. By this means any impedance in the screen 
supply may be prevented from causing instability, and the hum is much reduced. 
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(v) Grid circuit decoupling 

Fig. 12.55 is a method of applying grid-circuit decoupling with transformer input 
and cathode bias. The condenser C acts as a by-pass to resistors R + R k and if its 
reactance is small at the lowest frequencies to be amplified, a negligible portion of 
the signal voltage will occur across C at all signal frequencies. This method requires 
a smaller value of C than for cathode bias in the ratio R k : (R + R k ). This circuit 
is only effective with transformer coupling. 

A similar arrangement for fixed bias is shown in Fig. 12.56, which may be used 
with any form of coupling. 





Fig. 12.55. Grid cir- 
cuit decoupling with 
transformer input and 
cathode bias. 



Fig. 12.56. Grid 
circuit decoupling 
with fixed bias. 



(vi) Hum in voltage amplifiers 
(A) Hum from plate supply 

The plate supply is generally filtered sufficiently for the final stage, but additional 
filtering is usually necessary for the earlier stages. This is usually provided by the 
plate decoupling circuits, which may be made more effective than demanded by 
stability in order to reduce the hum. 

In a normal r.c.c. amplifier, such as Fig. 12.1, the hum voltage passed on to the 
following stage is given by 

E h ' = E h r P /(R + r p ) (9) 

where E h = hum voltage across the plate power supply 
E h ' — hum voltage across R, 2 
r„ — effective plate resistance of V 13 taking into account any feedback 
and R = R L R g2 /(R L + j?„ 3 ). 

If r p is very much less than R, the hum voltage passed on to the following stage is 
much less than E h . On the other hand, if r„ is greater than R t then E h ' may approach 

With a transformer-coupled amplifier (Fig. 12.23) the corresponding ex- 
pression becomes, in vector form, 

E h ' = E h Z/(Z + r v ) (10) 

where E h ' — hum voltage across transformer primary 
and Z = input impedance of transformer at hum frequency. 
Normally Z >> r P , and E h ' approaches E h . 

In the case of parallel-feed (Fig. 12.24) the expression becomes, in vector form, 
E h ' = E h Z'{Z' + R L ) (11) 

where Z' = r v Z/(r p + Z) m r p . 
The hum passed on to the following stage is normally only a small fraction of E h . 

The hum voltages of successive stages are usually out of phase, thus resulting 
in some cancellation, but this is very slight if the same degree of filtering is provided 
for all stages. In such a case the hum of the first stage is the only one to be con- 
sidered. 

For amplifiers using negative feedback, see Chapter 7 Sect. 2(ix). 



12.10 



(vi) HUM IN VOLTAGE AMPLIFIERS 



539 



(B) Hum from the screens may also be reduced by screen decoupling. The 
hum from the screen is out of phase with the hum from the plate, but the screen hum 
predominates. For amplifiers using negative feedback, see Chapter 7 Sect. 2(ix). 

(C) Hum from the grid bins supply may be reduced in some cases by grid 
decoupling. This hum voltage may be either in phase, or out of phase, with the 
plate circuit hum, depending on the source. 

(D) Hum neutralization 

In a r.c.c. pentode the hum voltages from the plate and screen are out of phase, 
so that it is possible to neutralize the hum by a circuit such as Fig. 12.57. Here the 
screen is fed from a series resistance R g2 , and the hum voltage is applied to the screen 
by the capacitance divider C X C 2 . If V x is type 6J7 with R L = 0.25 and R g2 = 1.5 
megohms, minimum hum is obtained when C x = 0.05 and C 2 = 0.5 /xF, the hum 
then being about 14% of that without neutralization. C x and C 2 may have ± 10% 
tolerances in quantity production. For perfect neutralization it is necessary to 
balance both resistive and capacitive elements. 

An alternative form (Ref. E2) is shown in Fig. 12.58 in which, for perfect neutraliza- 
tion at all frequencies, 

where r vX = plate resistance of V x (preceding stage) and the other values are marked 
on the diagram. This circuit gives neutralization both for hum and for low frequency 
regeneration. 

There are other methods which may also be used for hum neutralization or re- 
duction (see Chapter 31 Sect. 5). 



OB+ 




FIG. 12.58 



rvww^ 







Fig. 12.57. Hum neutralization in a r.c.c. pentode. 
Fig. 12.58. Alternative circuit giving perfect neutralization for hum and for low 
frequency regeneration at all frequencies {Ref. E2). 

(E) Hum caused by inductive coupling 

The most common cause is an a-f transformer or choke, which may be placed in 
an electromagnetic field. This effect may be minimized by altering the position of 
the transformer or choke, but cannot usually be eliminated entirely. The best pro- 
cedure is to avoid using the transformer, to remove the cause of the electromagnetic 
field, or to employ a properly shielded transformer. 

Some valves exhibit hum when they are placed in a strong field — the cure is 
obvious. 

See also Chapter 18 Sect. 2(iii) on pre-amplifiers, and Chapter 31 Sect. 4 on hum. 

(F) Hum caused by electrostatic coupling 

This may be almost entirely eliminated by suitable placing of the mains and rectifier 
leads, and by electrostatic shielding of all low-level wiring (especially the first grid 
lead) and by shielding the valves and other susceptible components. See also Chapter 
18 Sect. 2(iii) on pre-amplifiers. 
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(G) Hum due to heater-cathode leakage or emission 

When a valve is operated at a fairly high input level, it is often sufficient to earth 
one side of the heater supply and to use a large by-pass condenser (40 /xF or more) 
with cathode bias, or an earthed cathode with fixed bias. 

At a somewhat lower input level, hum due to heater-cathode leakage or emission 
may be reduced as required, by one or more of the following devices — 

1. Centre-tapped heater supply, with tap earthed. 

2. Centre-tapped heater supply, with tap connected to a fixed positive or negative 
voltage (say 15 or 20 volts bias). 

3. Potentiometer across heater supply, with moving arm connected to earth and 
adjusted for minimum hum. 

4. Potentiometer across heater supply, with moving arm connected to a positive 
or negative voltage (not more than 50 volts maximum) selected experimentally to 
give minimum hum, in conjunction with adjustment of the potentiometer. 

For further information see Chapter 18 Sect. 2 (pre-amplifiers) and Chapter 31 
Sect. 4 (hum). 

SECTION 11 : TRANSIENTS AND PULSES IN AUDIO FRE- 
QUENCY AMPLIFIERS 

(«') Transient distortion (ii) Rectangular pulses. 

(i) Transient distortion 

A transient is a complex wave which does not repeat periodically ; it may be 
analysed into a fundamental and harmonic frequencies (see Chapter 6 Sect. 8). If an 
a-f amplifier contains a tuned circuit, e.g. in a compensated wide band amplifier, or 
in a tone control stage, distortion of transients can occur if the damping of the tuned 
circuit is too slight. The effect is actually shock excitation of the tuned circuit ; 
this may be reduced to acceptable proportion if Q does not exceed 0.7 (Ref. A12 
p. 428). 

(ii) Rectangular pulses 

The design of special pulse amplifiers is beyond the scope of this handbook, but 
amplifiers are frequently tested with a rectangular input voltage (" square wave ") 
and their performance under these conditions is of interest. 



Fig. 12.59. A single resistance-capaci- 
tance coupling and its response to a 
rectangular waveform. 



In the case of a single r.c. coupling (Fig. 12.59), the voltage across R is given by 
e = Ee~^ RC (1) 

where E = amplitude of pulse voltage input 

R = R„ + tJR.jJ(t p + R L ) ^ R g 
and t = time measured from commencement of pulse, in seconds. 

If t is small compared with RC, we may write the equation as the approximation 
(Ref. Fl) 

e aa (1 - t/RC)E (2) 

or E/(E - e) t& RC/t = (say) X (3) 

the error being negligible if t is not greater than 0.1 RC. 

The value of the time constant RC to give any desired value of X at the end of a 
pulse is given by 

RC pa TX (4) 

where T = time length of pulse, 
and X = E/(E - e), 
provided that X is not less than 10. 
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For example, if X is required to be 20 (i.e. the amplitude of the square top falls by 
5% at the end of the pulse) and if T = 0.01 second, then RC en 0.2 second. If 
R = 0.5 megohm, then C = 0.4 fiF. 

If the pulses are repeated periodically with the length of pulse equal to the time 
between pulses, and if the applied voltage is zero during the period between pulses 
(as Fig. 12.59), 

then RC «=? X/2f t (5) 

where /t = frequency in cycles per second. 

With sine-wave input, the frequency (/ ) at which the response of a single-stage 
r.c.c. amplifier falls by 3 db is given by 

/, = 1/(2^C) (6) 

But with " square-wave " input, RC an X/2f x (7) 

where f t = frequency of square wave in cycles per second. 

Therefore /„ = fJ*X (8) 

By using a square wave input, and noting on a C.R.O. the frequency f x at which 
there is (say) 10% drop at the end of the pulse (i.e. X = 10), it is possible to calculate 
the frequency for 3 db attenuation with sine-wave input : 

Yo «* /i/IOtt [for X = 10] (9) 

Vice versa, by measuring the frequency f at which the sine-wave response is 3 db 
below that at the mid-frequency, it is possible to calculate the frequency / x at which 
the square wave shows a specified drop at the end of the pulse : 

/i = Xirfo (10) 

where X = E/(E - e). 
Equations (9) and (10) may also be used in connection with muiti-stage amplifiers. 
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(i) Single-channel amplifiers (ii) Multi-channel amplifiers. 

(i) Single channel amplifiers 

Almost any desired number of single r.c.c. stages may be connected in cascade, 
if adequate provision is made for decoupling. A practical limit is reached when the 
noise and hum from the first stage become excessive (see Chapter 18 Sect. 2 — pre- 
amplifiers). 

The total voltage gain of the amplifier (A) is given by 

Jx == A\ X A2 X Ji% X . . . 

where A x = voltage gain of first stage, etc. 
For decibel calculations see Chapter 19 Sect. 1. 

The attenuation in decibels below the mid-frequency gain (A ) is given, for any 
frequency/, by the sum of the attenuations in decibels of the individual stages at the 
same frequency. 

It is normal practice to design such an amplifier with a flat, or nearly flat, response 
over the desired frequency range, and to introduce one or more stages for either fixed 
tone compensation or manual tone control, or both (see Chapter 15). These stages 
usually give very limited gain at the mid-frequency. 

(ii) Multi-channel amplifiers 

Amplifiers having 2 or 3 channels are sometimes used. For example, a 3 channel 
amplifier may be preceded by a frequency dividing network such that each channel 
only amplifies a limited range of frequencies — low, middle and high. Each channel 
may have its own attenuator, with an additional attenuator for the whole amplifier 
(see Chapter 18). The three outputs may feed three separate power amplifiers, or 
they may be recombined to form a tone compensating amplifier (see Chapter 15). 
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(i) Types of a-f power amplifiers (ii) Classes of operation (Hi) Some characteristics 
of power amplifiers (iv) Effect of power supply on power amplifiers. 

(i) Types of a-f power amplifiers 

An interesting analysis of possible types of a-f power amplifiers is given in Ref. Gl. 
However, for practical applications we may sub-divide the arrangements as under : 

On basis of form of loading — 

(a) Plate loaded (the normal arrangement). 

(b) Cathode loaded (i.e. cathode follower). 

(c) Combined plate and cathode loaded (e.g. the Mcintosh amplifier — see Fig. 
13.50D and the Acoustical QUAD amplifier, Refs. H4, H6). 

On basis of coupling to load — 

(a) Transformer coupled. 

(b) Choke-capacitance coupled (shunt feed). 

On basis of load connection — 

(a) Single-ended output (i.e. one valve). 

(b) Push-pull output. 

(c) Parallel output. 

(d) Push-pull parallel output. 

(e) Single-ended push-pull (Refs. E32, HI, H2). 

On basis of excitation — 

(a) Single input to grid. 

(b) Push-pull input to grids. 

(c) Single input to one grid, with other valve excited from common plate or cathode 
circuit — see Sect. 6(viii). 

(d) Grounded-grid single input.* 

(e) Grounded-grid push-pull input*. 



♦Not normally used with a-f amplifiers. 



544 



13.1 (i) TYPES OF A-F POWER AMPLIFIERS 545 

On basis of input coupling — 

(a) Resistance-capacitance. 

(b) Choke-capacitance. 

(c) Transformer. 

(d) Direct coupling. 

On basis of type of valve — 

(a) Triode. 

(b) Pentode. 

(c) Beam power amplifier. 

On basis of use of feedback (see Chapter 7)— 

(a) Without feedback. 

(b) Negative voltage feedback. 

(c) Negative current feedback. 
.(d) Cathode follower. 

(e) Combined positive and negative feedback. 
On basis of Class of Operation — see (ii) below. 
On basis of input power required — 

(a) No grid input power. 

(b) With grid input power. 

(ii) Classes of operation 

Class A operation* is the normal condition of operation for a single valve, and 
indicates that the plate current is not cut off for any portion of the cycle. 

Limiting Class A push-pull operation* is operation such that one valve just 
reaches plate current cut-off when the other reaches zero bias. 

Class AB operation* indicates overbiased conditions, and is used only in push- 
pull to balance out the even harmonics. 

Class B operation* indicates that the valves (which are necessarily in push-pull) 
are biased almost to the point of plate current cut-off. 

The numeral " 1 " following A or AB indicates that no grid current flows during 
any part of the cycle, while " 2 " indicates that grid current flows for at least part of 
the cycle. With Class B operation the " 2 " is usually omitted since operation with 
grid current is the normal condition. 

(iii) Some characteristics of power amplifiers 

Amplifiers incorporating negative feedback are covered in Chapter 7. The de- 
sign of output transformers is covered in Chapter 5 Sect. 3. 

For a limited supply voltage Class A x gives the lowest power output with given 
valves, while Class AI^ and Class AB 2 give successively higher outputs. Pentodes 
and beam power amplifiers give greater power output than triodes under the same 
conditions. Negative feedback does not affect the maximum power output. 

The power plate efficiency is the ratio of the audio frequency power output to 
the d.c. plate and screen power input. It is least for Class A ls and increases pro- 
gressively with Class AB 13 AB 2 and B. It is less for Class A x triodes than for Class A a 
pentodes or beam power amplifiers. 

The sensitivity t is normally taken as the ratio of milliwatts output to the square 
of the r.m.s. grid voltage. Pentodes and beam power amplifiers have considerably 
greater sensitivity than triodes. Class AB X or any push-pull operation decreases the 
sensitivity. Amplifiers with grid current require power in the grid circuit ; sensiti- 
vity cannot be quoted for such types except for the whole section including the driver 
valve. 

*See also definitions in Sect. 5(i)B. 

fThe writer favours the use of the alternative form 



Sensitivity = VP ower output in milliwatts 
grid voltage r.m.s. 
which gives values from slightly over 1 (e.g. type 45) to nearly 50. This form has the advantage that, 
for the same power output, the value is proportional to the voltage gain. This value is the square root 
of the " sensitivity " as normally measured. 

Another alternative form is the ratio of milli-watts output to the square of the peak grid voltage. 



546 (iii) SOME CHARACTERISTICS OF POWER AMPLIFIERS 13.1 

The effective plate resistance (or output resistance) of a power amplifier is an 
important characteristic when the load is a loudspeaker. The optimum value of plate 
resistance depends upon the loudspeaker, but in the majority of cases the optimum 
is about one fifth of the load resistance for the best frequency response — lower values 
give heavier loudspeaker damping but a loss of bass response. Feedback amplifiers 
with very high feedback factors normally have a very low value of output resistance as 
the result of negative voltage feedback ; in some cases the output resistance is pur- 
posely raised to a more suitable value by some device such as bridge feedback — see 
Chapter 7 Sect. l(iv). The general question of the optimum plate resistance is covered 
in Chapter 21 Sect. l(ii), while loudspeaker damping is covered in Chapter 21 Sect. 3. 

Critical load resistance — Pentodes are much more critical than triodes as regards 
the effects of variation from the optimum value of load resistance — this holds with 
or without feedback in both cases. See Sect. 2(iv), Sect. 3(viii), Sect. 5(ii), Sect. 6(ii), 
and summary Chapter 21 Sect, l(iii). 

Distortion — Single Class A x triodes are usually operated with 5% second harmonic 
distortion at maximum output, while the third and higher order harmonics are small 
under the same conditions. All published data for such valves are based on 5% 
second harmonic unless otherwise specified. With push-pull Class A x triodes the 
even harmonics are cancelled and only small third and higher order odd harmonics 
remain. Push-pull class A 1 triode operation is regarded as providing the best fidelity 
obtainable without the use of feedback. 

As the bias is increased towards Class AB^ operation the add harmonic distortion 
increases only slightly until cut-off is just reached during the cycle (i.e. up to Limiting 
Class A operation), beyond which point a kink appears in the linearity (transfer) 
characteristic, and the distortion is more displeasing to the listener than is indicated 
by the harmonic distortion. 

Power pentodes operated under Class A x conditions on a resistive load may have 
very slight second harmonic distortion but from 7% to 13% total distortion. This 
is largely third harmonic with appreciable higher order harmonics. When operated 
into a loudspeaker load the harmonic distortion is much more severe at low and high 
frequencies due to the variation of loudspeaker impedance with frequency. Negative 
feedback may be used to reduce distortion at all frequencies. 

With a load of varying impedance, such as a loudspeaker, there is a selective effect 
on the harmonic distortion. For example, if the impedance of the load is greater 
to a harmonic than to the fundamental, the harmonic percentage will be greater than 
with constant load resistance equal to that presented to the fundamental. See Sect. 
ll(iii) and Fig, 13,54, also Sect. 2(iv) for triodes, Sect. 3(viii) for pentodes. 

Owing to the fact that the dominant harmonic with power pentodes is the third, 
there is very little reduction of distortion due merely to push-pull operation. If, 
however, the load resistance per valve is decreased, the effect is to increase the second 
harmonic per valve (which is cancelled out in push-pull) and to decrease the third 
harmonic, and thus to improve the fidelity. 

Some of the distortion occurring with Class AB 2 or Class B operation is due to the 
effect of grid current on the input circuit. The design of such amplifiers is treated 
more fully later in Sections 7 and 8. 

Normally the harmonic distortion is stated for full power output, but the rate of 
increase is also of importance. Second harmonic distortion (Class A x triodes or 
beam power tetrodes) increases more or less linearly from zero to full power. Third 
harmonic distortion in pentodes increases less rapidly at first, and then more rapidly 
as full output is approached. Higher order odd harmonics show this effect even 
more markedly. 

Beam power amplifiers in Class A x have considerable second harmonic, but less 
third and higher order harmonics. When operated in push-pull the second harmonic 
is cancelled, and the total harmonic distortion on a constant resistive load is small. 
On a loudspeaker load, however, the same objections apply as for pentodes, and ne- 
gative feedback is necessary in all cases where good fidelity is required. 

For further information on fidelity and distortion see Chapter 14. 
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In calculating the frequency response of an output stage, it should be noted 
that the inductance of the output transformer varies with the applied signal voltage. 

When the d.c. plate current remains nearly constant at all output levels the regu- 
lation of the power supply is not important as regards the output power, provided 
that it is adequately by-passed — see (iv) below. With Class AB^ operation there is 
a greater variation in current drain from zero to maximum signal, and improved 
regulation is required in the power supply in order to avoid loss of power and increased 
distortion. Class AB 2 , and particularly Class B amplifiers, require extremely good 
power supply regulation owing to the large variations in current drain. 

The use of self bias (cathode bias) reduces the variation of plate current due to 
change of signal level, and frequently enable? less expensive rectifier and filter systems 
to be used, although in some cases the output may be slightly reduced and the dis- 
tortion slightly increased as a result. Self bias cannot be used with Class AB 2 or 
Class B operation. 

Parasitic oscillation in the power stage is sometimes encountered, either of a 
continuous nature or only under certain signal conditions. High-mutual-conduct- 
ance valves are particularly liable to this trouble, which may be prevented by one or 
more of the expedients listed below. Class AB 2 or Class B amplifiers sometimes 
suffer from a negative slope on portion of the grid characteristic ; this may sometimes 
be recognised by a " rattle " in the loudspeaker. Improvement in most cases may be 
secured by the use of one or more of the following expedients : 

A small condenser from each plate to earth, 

A condenser from each grid to earth (with transformer input only). 

Series stopping resistors in grid, screen and plate circuits, arranged as close as 
possible to the valve. 

Improved layout with short leads. 

Input and output transformers with less leakage inductance. 
In addition to these expedients, it is usually helpful to apply negative feedback 
from the plate of the output valve to its grid circuit or to the cathode of the preceding 
stage. 

A Class AB 2 or Class B amplifier requires a driver stage and (usually) coupling 
transformer in addition to the final stage. These, together with the additional cost 
due to the good regulation power supply, should all be considered in calculating the 
total cost. It is desirable to consider the whole combination of driver valve, driver 
transformer and push-pull power stage as forming the power amplifier, and the input 
voltage to the driver will generally be comparable with that required by a single power 
pentode. 

When fixed bias is required for a class ABj, AB 2 or B amplifier, this may be obtained 
from a battery or from a separate rectifier and filter. In order to reduce the cost, 
back-bias with the addition of a heavy bleeder resistance is often used. Some varia- 
tion in bias is inevitable with this arrangement, and a loss of power output and an in- 
crease of distortion will result. The additional cost of the power supply and filter 
needed to handle the total current of valves and bleeder must also be considered. 

Pentodes and beam power amplifiers may be used as triodes by connecting plate 
and screen. If the suppressor is brought out to a separate pin it may be connected 
to the plate. Care should be taken to avoid operating such a valve at a plate voltage 
higher than the maximum rated screen voltage unless special " triode " maximum 
ratings are available. 

The load impedance with triode power amplifiers may be open-circuited (if neces- 
sary) without any serious effects ; it should never be short-circuited. The load 
impedance with pentodes may be short-circuited only if the valve is being operated 
considerably below its maximum plate dissipation ; it should never be open-circuited 
unless an appreciable degree of negative voltage feedback is being used. 

(iv) Effect of power supply on power amplifiers 

The usual by-pass capacitor connected across the power supply is large enough 
to act as a reservoir and maintain practically constant voltage, except at low frequencies. 
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The analysis of a power supply shunted by a condenser and supplying sine-wave 
signal current does not appear to have been published. 

An analysis has been made (Ref. B6) for the simpler case where the signal current 
is of rectangular form. The minimum frequency of rectangular waveform for a 
specified variation of supply voltage over the half-cycle is given by 
/ = K ( R l/Rs) + 1 

Jr 4.606KR L C log 10 A K } 

where K = I b0 /(I b0 + I P ) 

R, = resistance of voltage source 

R-L = Ebo/Ibo 

C = shunt capacitance 

(1 - K) 



A = 



(1 - K) - [K(R L /R,) + l]x/100 
E bQ = direct voltage across C 
I b0 = direct plate current of valve 
I p = peak signal current through valve plate circuit 
and x = fall of supply voltage between beginning and end of positive half-cycle, 
expressed as a percentage of E b0 . 
The only approximation in eqn. (1) is that the voltage across the condenser at the 
commencement of the positive half-cycle is taken as being E b0 . 
Eqn. (1) has been applied to the following example— 
E b0 = 250 V, I b0 = 40 mA, /„ = 30 mA, C = 16/*F, x = 2, 
to give these results : 

When R L /R, = 5 10 20 30 35 

then /, = 170 157 127 96 49 c/s 

This example is a severe one since a rectangular waveform is more severe than a 
sine waveform with the same peak current, while the value of x only allows 2% drop 
in voltage over the half-cycle. If 5% voltage drop is permissible, f T becomes 39 c/s 
for R L /R, = 10. The importance of good power-supply regulation for satisfactory 
performance at low frequencies is demonstrated. 

This effect does not occur to any appreciable extent with push-pull Class A am- 
plifiers, and is not so pronounced with Class AB amplifiers as it is with single-ended 
Class A or with Class B. 

Amplifiers should always be tested for frequency response and distortion 
at maximum power output, as well as for frequency response at a lower level. 

SECTION 2 : CLASS A SINGLE TRIODES 

(i) Simplified graphical conditions, power output and distortion (ii) General graphical 
case, power output and distortion (iii) Optimum operating conditions (iv) Loud- 
speaker load (v) Plate circuit efficiency and power dissipation (vi) Power sensitivity 
(vii) Choke-coupled amplifier (viii) Effect of a.c. filament supply (ix) Overloading 
(x) Regulation and by-passing of power supply. 

(i) Simplified graphical conditions, power output and distortion 

The basic circuit of a single Class A x triode is Fig. 13.1. The load resistance (i? 2 ) 
is normally connected to the secondary of a transformer ( T) whose primary is con- 
nected in the plate circuit of the valve. The load resistance (i?j) presented to the 
valve is given (see Chapter 5 Sect. 1) by 

R t = (NJNJ'R, (1) 

where Ni/N 2 = transformer turns ratio, primary to secondary. In the ideal case, 
the primary and secondary windings of T may be assumed to have zero resistance, 
and the d.c. plate current I b to remain constant under all operating conditions. 

The valve characteristics are shown by Fig. 2.22 in which the loadline AQB has a 
slope — 1/R L and passes through the operating point Q. In this example, E b -= 250 
volts and E e = — 10 volts, and Q is vertically above E b = 250 volts, because the full 
E b voltage is applied between plate and cathode. 
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The maximum grid swing which can be used is 20 volts, that is from K(E C = 0) 
to B (E c = — 20 volts) since the E c = curve is the border of the grid current region. 
Actually a slight grid current usually flows at zero bias, but this is generally neglected. 
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Fig. 13.1. Basic circuit of a Class A x 
triode with transformer-coupled load. 



Fig. 13.2. Loadline applied to triode 
plate characteristics to determine 
power output and distortion. 



The power output may be calculated from a knowledge of the maximum and 
minimum voltages and currents along the loadline, assuming a sinewave input voltage 
(Fig. 13.2): 
Power Output «sj \(E max — E min ) (I max — I min ) (2) 

« *K L (/„.* - /»*,)* (3) 

« KE max - E min y/R L (4a) 

& $E b I Q (\ - E min /E b )(\ - ImiJh) (4b) 

Equations 2, 3 and 4 give the exact fundamental frequency power output when the 
odd harmonic distortion is negligible. The power output of 5% second harmonic 
frequency is only 1/400 of the fundamental power output, which is negligible. 
The load resistance corresponding to the loadline is 

R L = (E max - E min )/(I max - I min ) (5a) 

= (E b /I b )(l - E min /E b ) (5b) 

The percentage second harmonic distortion 

2 \A max \ •* min) ■* 



AQ-QB 
2(AQ + QB) 
AQ/QB - 1 



x 100 



- Q x 100 
(7a) 



(6) 



2(AQ/QB + 1) X 10 ° (7b) 
The equation (7b) has been plotted graphic- 
ally in Fig. 13.3. 

The voltage gain of a power amplifier 
is given by 

M = jE max - E min )/(2E cl ) 

= 2.82V P R L (8) 

where P — power output in watts. 

The peak values of the fundamental and 
second harmonic components of the signal 
plate current are : 

Fundamental I hl = itfmo* - Imin) 

(9) 

Second harmonic I h2 = \{I max + I min 

- 21 Q ) (10) 

If AQ/QB = 11/9 - 1.22, then the second 

harmonic distortion will be 5%. This 
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Fig. 13.3. Curve of second har- 
monic distortion plotted against the 
ratio AQ/QB for the two portions 
of the loadline (Fig. 13.2). 
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is the principle of " 5% distortion rule " reproduced in Fig. 13.4. The rule has 
each division to the left of a length of 11/9 or 1.22 of the length of a corresponding 
division to the right of 0. It may be made with each left-hand division 
11 millimetres and each right-hand division 9 millimetres. Each of 
these divisions may be divided into 10 equal subdivisions. It may be 
used by placing the " " of the distortion rule at any likely operating 
point and tilting the rule gradually until the reading on the rule corres- 
ponding to the zero bias curve is the same as the reading corresponding 
to the curve of twice the grid bias at the operating point. AQ/QB 
will then be 11/9 and the second harmonic distortion corresponding 
to AQB as a loadline wilLbe 5%. 

There are also methods for the graphical determination of any 
degree of second harmonic distortion. One of these was originated 
by Espley and Farren (Ref. Bl) and is illustrated in Fig. 13.5 ; it 
must be drawn on transparent material. It is applied to the curves 
in a manner similar to the 5% distortion rule, except that a loadline 
is first drawn in, and then the Harmonic Scale is moved so that DBC 
is parallel with the loadline. For example, with the loadline EFG the 
distortion is 20% while with E'FG the distortion is 10%. The scale 
may be constructed on the basis of : 

2nd Harmonic Distortion % 5 10 15 20 

DB/BC 1.0 1.22 1.5 1.86 2.33 

If the valve is to be operated with a known plate voltage, the usual 
procedure is to take as the operating point (Q) the intersection of the 
vertical line through E h with one of the E c curves such that Q is either 
on, or below, the " maximum plate dissipation curve " (Fig. 13.2). 
If the latter is not included in the published curves, it may readily be 
plotted over a small range. This dissipation curve only affects the 
operating point Q, and there is no harm if the loadline cuts the curve. 
In general, if the plate voltage is fixed, a triode gives greatest output 
when it is operated at the maximum permissible plate current, with 
the limit of I b = \E h /r v (see eqn. 22). 

If there is no predetermined plate voltage, a triode gives increasing 
power output as the plate voltage is increased, even though the plate 
current is limited in each case by the dissipation. 

(ii) General graphical case, power output 
and distortion 

In practice there are several additional factors which should be 
taken into account. 

(A) Resistance of transformer primary 
Provision may be made for this resistance by giving the line QE b 

a slope of — 1/R' where R' is the resistance of the transformer 
primary or choke (Fig. 13.6). By this means the plate voltage of 
point Q is less than E b by the value R'Iq. This does not affect the 
slope of the loadline, which is determined solely by the effective im- 
pedance of the load reflected across the primary of the transformer. 
It is assumed that the final filter condenser has sufficient capacitance 
to supply the varying current over each cycle without appreciable 
change in voltage. 

(B) Effect of primary inductance 
The reactance of the transformer primary gives an elliptical load- 
line [see Chapter 2 Sect. 4(vi)]. This may be reduced to any desired 
extent by increasing the inductance. Obviously this effect is only 
serious at the lowest signal frequencies ; suitable values of inductance 
are given in Chapter 5 Sect. 3(iii)c. 

Fig. 13.4. 5% distortion rule for use in calculating the power 
output of triodes. 
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(C) Effect of regulation of power supply 

This has only a slight effect on Class A triodes, provided that the final filter con- 
denser has sufficient capacitance to supply the varying current over each cycle without 
appreciable change in voltage. 
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Fig. 13.5. Alternative form of distortion rule for application to triode loadlines (Ref. BV\. 
Fig. 13.6. Plate characteristics of triode exaggerated to show rectification effects. 

(D) Rectification effects 

Owing to the second harmonic component of the signal frequency plate current, 
the average plate current under operating conditions is greater than with zero signal. 
The increase in plate current is given by 

AU = K/»-» + I mi n ~ 21 Q ) (11) 

which is also equal to the peak value of the second harmonic current (7 ft2 ) as shown 
by eqn. (10). This may be put into the form 

^h = KI A ~ i b) ( i2 ) 

where I A =I max — I Q and i^ = (J Q - I min ). 

This is illustrated in Fig. 13.6 where AE = QB and EQ = AQ - QB. Obviously 
AQ/QB OC I A /I B - The line EQ is then divided into four equal parts ; C is the 
centre point of AB and D is the centre point of CQ. The plate current of point D 
is greater than that of point Q by the amount i(I A — I B ) which is equal to AI b . Point 
D is the only point on the loadline which fulfils the conditions regarding current, 
while point Q is the only point which similarly fulfils the conditions regarding voltage. 
The condition is therefore an impossible one, and the loadline must shift upwards 
until the point of average current lies on the line QE b . 

Unfortunately, as the loadline moves upward, the relationship between I A and I B 
changes, and the simplest procedure is to draw a second loadline A'B' (Fig. 13.7) 
parallel to AB, then to determine its points E'F'C'D' as for the original loadline. 

Points D and D' are joined by a straight line 
DD', and the intersection of this with QE b 
gives point D" which must be on the working 
loadline. Through D" draw a loadline parallel 
to AQB, and A"D"B" is then the maximum 
signal dynamic loadline. The only error is 
through assuming that DD' is a straight line, 
whereas it is actually the locus of point D ; 
the error is small if DD' is short. 

It is evident that the change from the no- 
signal quiescent point Q to the maximum 
signal dynamic loadline A"B" will be a gradual 
process. As the signal increases, so will the 
loadline move from AQB to A"P"B". At 
intermediate signal voltages the loadline will 
be intermediate between the two limits. The 
average plate current for zero signal will be 
Iq but this will rise to I b " at maximum signal . 
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Fig. 13.7. Method for graphical de- 
termination of " shifted " loadline due 
to rectification. 
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It will be observed that D" does not correspond to the intersection of the loadline 
and the static bias curve. Point P" is not the quiescent point (which is Q) but may 
be described as " the point of instantaneous zero signal voltage on the dynamic load- 
line." Point P" must therefore be used in the calculations for harmonic distortion 
at maximum signal. The loadline A"D"P"B" provides the data necessary for the 
calculation of power output, second harmonic distortion, and average direct current. 
All these will, in the general case, differ from those indicated by the loadline AQB. 
Summary : 

1. Power output is calculated from the loadline A"B" in the usual manner. 

2. Second harmonic distortion (per cent) at maximum signal = (2D'T"/A"B") 
x 100. 

3. Average d.c. current at maximum signal = I b " = I Q + AI b " = current for 
point D". 

The graphical method above is accurate, within the limits of graphical construction, 
but rather slow. Approximate results may be calculated from the original loadline 
by the equations : 

I b " ^ I Q + \{I max + I min - 2I Q )(1 + R L /r P ) (13) 

AI b " ns i(/ m «* + Imin- 2I Q X1 + R L /r„) (14) 

Alternatively the rise in current may be calculated from the second harmonic dis- 
tortion (77 2 ) and pow er outp ut : 

J/»" f*V2H a VPo/R L a + R L / r *) (15) 

In another form, the rise in current may be calculated from the harmonic distortion, 

Al b " & (I Q - 7 min )(l + R L /r v )[HJ(\ - 2/7 2 )] (16) 

or less accurately by 



Jq and 



AU 



(0.78 7 )(1 + R L /r,)[H t /(l - 27/ 2 )] 



(17) 



FIG. 1 3.6 



(on the assumption that I min = 0.22 J Q ). 

Eqn. (17) is interesting, since it does not involve any data beyond those normally 

published. If H 2 = 0.05 it may be reduced to 

AI b " f* 0.043 7^(1 + R L /r v ) (18) 

Eqns. (13) to (18) give results slightly lower than the graphical method. 

For rectification effects with cathode bias see below. 
(E) Cathode bias 

Cathode bias loadlines may be drawn on the mutual characteristics [Chapter 2 
Sect. 4(v)] but the position is complicated by the rise in plate current caused by 
rectification. The simplest approach is to assume a voltage between plate and cathode 
(E 6 ), determine the plate current under maximum signal conditions as for fixed bias 

(7 6 ") and then to calculate the cathode bias 
resistor (R k ) from the equation R k = 
EJI b ". It is then necessary to check for 
plate dissipation at no signal ; this may be 
done by the method of Fig. 2.27, drawing 
a cathode loadline having the correct slope, 
and noting the plate current (7^) at which 
the cathode loadline intersects the mutual 
characteristic for the desired value of E b . 
The dissipation with no signal input is 
then E b l bl . There is a slight error 
through assuming that E b remains con- 
stant from zero to maximum signal, but 
this is usually negligible. Alternatively, 
the maximum value of I bl may be calcu- 
lated from the maximum dissipation, and 
marked on the corresponding E b curve ; 
Fig. 13.8 Determining change of plate through this point a cathode loadline may 
current with fixed and cathode bias, be drawn whose slope will indicate the 
having operating conditions identical at minimum permissible value of cathode 
maximum signal, bias resistor. 
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Alternatively, cathode loadlines may be drawn on the plate characteristics, but they 
will be slighdy curved [for method see Chapter 12 Sect. 2(iii)]. 

Rectification effects with cathode bias may be determined entirely from the 
plate characteristics (Fig. 13.8). The loadline corresponding to maximum signal 
conditions is A"B" (as for Fig. 13.7) while point P" is the point of instantaneous 
zero signal voltage. The maximum signal plate current is l b " as for fixed bias. For 
the sake of comparison, the zero signal loadline AQB for fixed bias has also been 
added. From D" a straight line is then drawn to E b b where E b b is the total supply 
voltage across both valve and R k ; this line will have a slope of — 1/R k . 

The cathode bias loadline must pass through the point R on the E cl curve at which 
the plate current is I b "> because R k = E cl /I b ". The R k loadline also passes through 
O as shown ; it intersects the sloping line through E b b at point S with plate current 
I b . This point S is the quiescent operating point with cathode bias and has a plate 
voltage E b2 which is slightly greater than E bl . 

The change in average plate current from no signal to maximum signal is given by 

AI b for cathode bias and AI b " for fixed bias. It is obvious that AI b is always less 

than AI b ". More specifically, 

AI b r„ En 

(19A) 



45 volts, r„ = 800 



Al b " R k E bl 

As a typical example, for type 2A3, E b = 250 volts, E cl ■■ 
ohms, R k = 750 ohms ; AI b '/AI b " aa 0.2. 

In words, the change of plate current with fixed bias is five times that with cathode 
bias. 

If the value of the cathode bias resistor and the total supply voltage (E bb = E h + E e ) 
are known, the following procedure may be adopted (Fig. 13.9A). 
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Fig. 13.9A. Determining position of 
loadline and rise in plate current, given 
plate supply voltage (E bb = E bl + E n ) 
and cathode bias resistor only. 



1. Draw the cathode bias loadline (R k ) on the plate characteristics. 

2. Draw a straight line through E bb with a slope of — 1/R k . 

3. Take the point of intersection (Q) and draw a vertical line to the horizontal axis. 
This will give the quiescent plate-to-cathode voltage E bl , and Q will be the 
quiescent operating point, with grid bias — E cl . 

4. Through Q draw a loadline with the desired slope from E c = to E c = — 2E cl 
— this will be AQB. Mark the point of average plate current (D). 

5. Select the adjacent characteristic curve (— E c2 ) and arbitrarily select point Q" 
having slightly higher plate current than Q. Through Q" draw a parallel load- 
line A"Q"B" from E c = 0toE c — — 2E c2 . On this loadline mark the point 
of average plate current (D"). 

6. Join DD", and mark its point of intersection (D') with the sloping line through 
E bb . Through D' draw a parallel loadline A'B' which will be the maximum 
signal loadline. Obviously B' will be intermediate between B and B", and 
its position may be fixed approximately by joining BB" and making B' the point 
of intersection with the new loadline. The rise in plate current from the quies- 
cent condition (Iq) to the maximum signal condition (7 6 ') is given by AI b . 
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If it is desired to make allowance for the transformer primary resistance, the slope 
of T>"E bb in Fig. 13.8 should be — 1/(R' + R k ) where R' = primary resistance. 

In general, any single Class A triode may be operated either with fixed or cathode 
bias as desired. The maximum value of grid circuit resistance frequently depends 
on the source of bias. When it is permissible to use a value of cathode bias resistor 
which provides the same grid bias as required for fixed bias, the load resistance, 
distortion, and power output will be identical. When it is necessary, on account of 
plate dissipation, to use a higher value of R k , then the conditions in the two cases will 
be different. 

Cathode by-passing — It is important for the by-pass condenser to be sufficiently 
large to maintain the bias voltage constant over each cycle — any fluctuation leads to 
increased distortion and loss of power output. When operating at low levels it is 
usually sufficient to ensure that the reactance of the by-pass condenser, at the lowest 
frequency to be amplified, does not exceed one tenth of the resistance of the cathode 
bias resistor. 

At high operating levels it is necessary to ensure that the direct voltage from B + 
to cathode remains substantially constant over each half-cycle. This' may be treated 
in the same manner as the by-passing of the power supply — see Sect. l(iv) and Eqn. (1). 

The network comprising the resistive elements R, and R k and the capacitive ele- 
ments C and C fc may be replaced by its equivalent network comprising C x in parallel 
with R x , connected from B+ to cathode. In the special case when C/C k = R k /'R„ 
we have R x = R s + R k and C t = CC k /(C + C k ), but the general case is more in- 
volved. Eqn. (1) of Sect. 1 may then be applied directly. 
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Fig, 13. 9B. Plate characteristics type 6J5 withg m andg„ curves and loadlines (Ref. 55). 
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(F) Alternative method using g m and g v curves 

A = - g m R L /(l + g v R L ) (19B) 

where A = amplification with small input signal 

g m = mutual conductance 
and gv = plate conductance = l/r p . 
For predominant second harmonic distortion : 

A' = KAi + A 2 ) (19C) 

Second harmonic distortion per cent = 25{A X — A 2 )/(A 1 + A 2 ) 
where A' = amplification with maximum input signal 

A x = amplification at maximum positive excursion 
and A 2 = amplification at maximum negative excursion. 

The values of A 1 and A 2 may be calculated, using eqn. (19B), from the values of 
g m and g P corresponding to the relevant points on the loadline which may be derived 
from Fig. 13.9B for type 6J5. Alternatively, the values of g m and g v may be derived 
by measurement or graphically at the points of maximum positive and negative ex- 
cursion on the loadline. By this means it is possible to calculate amplification and 
distortion with high signal inputs from measurements made at low inputs. 

This method may be used for cathode followers by using eqn. (19D) in place of 
(19B) : 

A = g m R k /[l + (g m + g p )R k ] (19D) 

It may also be used for degenerative amplifiers by using eqn. (19E) : 

A = - g m R L /[l + (g m + g P )R k + gjij} (19E) 

References B5, B7, B8, H17. 

(iii) Optimum operating conditions 

The preceding graphical treatment enables the optimum load resistance to be de- 
termined to give maximum power output for limited distortion, provided that valve 
curves are available. It is frequently desirable to be able to make an approximate 
calculation without going to so much trouble. The optimum load resistance is a 
function of the operating conditions (see Refs. A). The following treatment is based 
on Ref. A14, and relates to " ideal " (linear) valve characteristics. 
Case 1 : Grid current and distortion zero, fixed signal input voltage, no 
limitations on plate current or voltage 

See loadline AQB in Fig. 13.10 in which the characteristics are parallel and equi- 
distant straight lines. The loadline may be placed anywhere between the E c = 
curve and the E b axis. Maximum power output will be obtained when R L = r v , 
that is when the slope of AQB is equal in magnitude to the slope of the characteristic 
curves. The power output with any load resistance is given by 
_ WR L 
P <>-(r v +R L y C20) 

where E s = r.m.s. grid input voltage. 

Since there is no advantage in having the loadline in the position shown, it may be 
transferred to the position A'Q'B' where it has the lowest possible grid bias and plate 
voltages. Under these conditions the " plate circuit efficiency "* is 16.6% when 
R L = r„. 

Case 2 : Grid current and distortion zero, fixed plate voltage, no limitations 
on plate current or signal input voltage 

Let E bl be the fixed plate voltage. The loadline may be CPD in Fig. 13.10 where 
C is the intersection with the E c — curve which is the boundary of the grid current 
region. PD must equal CP for zero distortion. Maximum power output is obtained 
when the loadline is adjusted so that its lower extremity touches the E b axis, as with 
EFG, and when R L = 2r p . Under these conditions the plate circuit efficiency* is 
25%. 

The maximum power output with any load resistance is given by 

1 ° ~ (2r„ + R L Y , W 

See also equations (31) to (34) inclusive. 
*See Section 2(v). 
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FIG.I3.IO 




nci3.ii 




Fig. 13.10. " Ideal " plate characteristics of triode to illustrate choice of optimum 

loadline. 
Fig. 13.11. " Ideal " plate characteristics of triode with fixed plate voltage to illustrate 

choice of optimum loadline. 

Case 3 : Grid current and distortion zero, fixed plate voltage and maximum 
plate current, no limitation on signal input voltage 

Let E bl = fixed plate voltage 
and I bl = maximum plate current. 

It is always advantageous to operate the valve with the maximum plate voltage, 
which is here regarded as being fixed. There is, however, an optimum value of plate 
current, and any increase or decrease in plate current results in lower power output. 
The optimum plate current is given by 

I to = \E hl /r v (22) 

where R L = 2r v 
as illustrated in Fig. 13.11 with loadline EFG. 

If the maximum plate current is higher than I bQ , then it is preferable to operate the 
valve at / 6o so as to avoid loss of power output and waste of current. 

If the maximum plate current is less than I b0 , it is necessary to increase the grid 
bias to reduce the plate current to I bl (point L). One possible loadline is KLM where 
KL = LM and for this condition 

R L = (E bl /I bl ) - 2r v (23) 

P = 1(*m - 2I bl r,)I n (24) 

and the plate circuit efficiency is given by 

i, = i(l - 2r p I bl /E bl ) (25) 

The load resistance for this condition is always greater then 2r v . 
Case 4 : Grid current and distortion zero, fixed plate dissipation, no limita- 
tion on plate voltage, plate current or signal input voltage 

The power output under these conditions is given by eqn. (24) which may be put 
into the form 

Po = KPpm ~ 2I bl *r p ) (26) 

where P vm — maximum plate dissipation. 

Obviously the power output continues to increase as E bl is increased. The plate 
circuit efficiency approaches 50% as E bl is made very large. The value of load re- 
sistance is given by eqn. (23). 

Case 5 : Grid current and distortion zero, fixed plate dissipation, fixed 
minimum instantaneous plate current 

Owing to the existence of " bottom bend " curvature in actual valve characteristics, 
it is necessary to fix a minimum value of instantaneous plate current if distortion is 
to be reasonable (Fig. 13.12). 

It is here assumed that the portions of the characteristics above I bmin are straight, 
and that operation is restricted to the linear region. E bmin is the plate voltage at 
which the extended straight portion of the characteristic cuts the axis. 
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Applying this procedure to each of the previous cases, we have : 

(1) No change — R L = r v . 

(2) No change— R L = 2r v . 

(3) Po = l\E bl — (2I bl — I bmin )r v — E bmin ][I bl — I bmi „] 
The optimum value of load resistance is given by 

R L = (E bl /I bl ) - 2r v + (E bl /I bl -r v ~ E bmin /I bmin )I bmi „/(I bl - I bmin ) 
The plate circuit efficiency is given by 
V = i(l — 2r p I bl /E bl + r v I bmin /E hx — E bmin /E bl )(l — I bmin /I bl ) 

(4) The optimum value of load resistance for maximum power output is given by 

Rl = (-™bl/ Ibmin ~~ l^p + E bmin /I bmin (30) 



FIG.I3.I3 
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(28) 
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Fig. 13.12. Plate characteristics of imaginary triode with "ideal" characteristics 
above I bm i n and curved characteristics below this line. 
Fig. 13.13. Ideal triode characteristics with R L = 2r p . 

Summary of operating conditions 

(A) Ideal characteristics 

If there is no limitation on plate current, the optimum load R L = 2r P and the load- 
line is as Fig. 13.13. 

= 0.75E bl /p (31) 

= E„J*r, (32) 

= E bl */lGr, (33) 

= 25% (34) 



Grid bias : E c 

Plate current : I bl 

Max. power output : P 
Plate circuit efficiency : -q 



(B) Practical characteristics 

The optimum plate current for ideal characteristics is given by 
Ibo = \E bx jr v 
and in practice is slightly higher. 
Grid bias for optimum' plate current : 

E cl = 0.75(5, - E t )/fi (35) 

where E t = plate voltage at intersection of E b axis and tangent to E c = curve 

at current I max> 
and E cl = grid bias for d.c. filament operation (add E f /2 for a.c. operation). 
Usual values of E t are between 30 and 45 volts. Examples are : 
Type 2A3 E t = 35 volts approx. 
Type 45 E t = 40 volts approx. 
Note : At voltages above about 180 volts, the grid bias will have to be increased 
to reduce the plate dissipation. 

When a triode is being operated at the optimum plate current, the load resistance 
should be approximately 2r v . Fig. 13.14 shows the variation in power output, and 
second harmonic distortion, of a typical small power triode indicating that maximum 
power output occurs at slightly less than 2r„. The percentage third harmonic 
distortion is usually between one third and one tenth of the second harmonic dis- 
tortion up to 5% of the latter ; the ratio decreases as the load resistance is increased. 
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When a triode is being operated at a plate current which is less than the optimum, 
then R L will be greater than 2r„ for maximum power output. Refer to Case (3), 
eqns. 23, 24 and 25. 



(iv) Loudspeaker load 

A loudspeaker (see Chapters 20 and 21) presents a load impedance which is neither 
purely resistive nor constant. At most frequencies it causes an elliptical loadline 
[see Chapter 2 Sect. 4(vi)] with the shape of the ellipse varying widely over the audio 
frequency range. All that can be said here is that the elliptical loadline results in 
higher distortion and lower power output than a purely resistive load. 

The variation in impedance is almost entirely an increase above the nominal (400 
c/s) impedance. As a result, with constant signal voltage applied to the grid, the dis- 
tortion and the power output decrease as the load resistance is increased (see Fig. 
13.14). 

A triode applies nearly constant voltage across the load impedance. This is a 
standard condition of test for a loudspeaker, and some models of loudspeakers are 
designed to operate under these conditions (see Chapters 20 and 21). A triode is 
almost the ideal output stage for a loudspeaker load when looked at from the load 
point of view, with or without feedback. 

See also Sect. 3(viii) for pentodes, Sect. 1 l(iii) and Fig. 13.54, and Chapter 21 Sect. 1 . 
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Fig. 13.14. Power output and distortion of type 45 triode plotted against load resistance. 
The curves were derived graphically, with allowance for shifting loadline. The operating 
conditions are : E b = 250 volts, E c = -50 volts, peak grid signal voltage 50 volts, 
I b — 34 mA {zero signal), r v = 1610 ohms. 
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(v) Plate circuit efficiency and power dissipation 

The plate circuit efficiency is defined as the ratio of the maximum signal frequency 
power output to the d.c. power input under these conditions. (Owing to rectification, 
the d.c. power input under maximum signal conditions is usually greater than with 
zero signal input). 

The plate circuit efficiency cannot exceed 50% in any Class A amplifier, and usually 
does not exceed 25% with Class A triodes. The plate circuit efficiency in an ideal 
Class A triode is given by 



= R L /(2R L + 4r P ) 



(36) 



The power relationships in a Class A triode are shown in Fig. 13.15 on the assump- 
tion that no second harmonic or rectification effects are present, and that fixed bias is 
employed. Allowance is made for the power loss in the d.c. resistance of the trans- 
former primary. The plate-to-cathode voltage is E b , but the total supply voltage 
is E bb . 

The plate dissipation in a Class A triode is greatest with zero input signal. If there 
are no rectification effects, the power input remains constant and the power output is 
simply power transferred from heating the plate to useful output. With normal 
rise of plate current for 5% second harmonic distortion, the plate dissipation is more 
nearly constant, but it is still sufficient to base the design on the zero-signal condition. 

The quiescent operating point may be limited by one or more of the following : 

1. Maximum plate dissipation. 

2. Maximum plate voltage. 

3. Maximum plate current. 

Fig. 13.16 is an example including all three. The dissipation curve may be plotted 
from the relationship I b = P /E b . The horizontal line AB is the maximum plate 
current, while the vertical line CD is the maximum plate voltage. The quiescent 
operating point must not be outside the area ABCD. 
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Fig. 13.15. Power output and dissipation relationships in a Class A triode. 
Fig. 13.16. Plate characteristics of small battery operated power triode with limits of 
maximum plate dissipation, maximum plate voltage and maximum plate current. 

(vi) Power sensitivity 

A triode surfers from low power sensitivity when compared with pentodes and beam 
power amplifiers, but the difference becomes smaller when a higher degree of negative 
feedback is applied to the latter. In any case, it is usually a simple matter to provide 
sufficient gain in the voltage amplifier. 

Maximum power sensitivity is obtained when R L = r v , although this limits the 
maximum power output for a fixed value of distortion. 

See Sect, l(iii) for the form in which the sensitivity is expressed. 

(vii) Choke-coupled amplifier 

The choke-coupled amplifier of Fig. 13.17 may be used as an alternative to the trans- 
former-coupled arrangement of Fig. 13.1, and the foregoing discussion may be applied 
exactly on the understanding that 
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1. the choke inductance and resistance correspond to the transformer primary 
inductance and resistance, 

2. the condenser C offers negligible impedance to signal frequencies compared 
with R ± . 

(viii) Effect of a.c. filament supply 

The curves of power triodes are usually drawn for the condition with d.c. filament 
supply and with the negative filament terminal regarded as the cathode. When a.c. 
is applied to the filament, roughly the same performance is achieved by increasing 
the grid bias by E f /2. The increase is taken as 1.5 volts for a 2.5 volt filament. 
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Fig. 13.17. Choke-coupled ampli- 
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13.18. Basic circuit 
power pentode. 
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(ix) Overloading 

A triode has no " cushioning " effect such as occurs with a pentode when the peak 
signal voltage approaches the bias voltage. There is therefore no warning of the 
impending distortion which occurs when grid current flows. The distortion may 
be minimized by the use of a low-plate-resistance triode in the preceding stage, a 
low grid circuit resistance or a grid stopper resistor (10 000 ohms is normally satisfac- 
tory, but values from 1000 to 50 000 ohms have been used). 

(x) Regulation and by-passing of power supply 

The regulation and by-passing of the power supply affect the rninimum frequency 
which can be handled satisfactorily at full power output — see Sect. l(iv). 



SECTION 3 : CLASS A MULTI-GRID VALVES 

(i) Introduction (ii) Ideal pentodes (Hi) Practical pentodes — operating conditions 
(iv) Graphical analysis — power output and distortion (v) Rectification effects (vi) 
Cathode bias (vii) Resistance and inductance of transformer primary (viii) Loud- 
speaker load (ix) Effects of plate and screen regulation (x) Beam power valves 
(xi) Space charge tetrodes (xii) Partial triode operation of pentodes. 

(i) Introduction 

Multi-grid valves include pentodes, beam power amplifiers and similar types, and 
space-charge valves. All of these have a family resemblance, in that they have higher 
plate circuit efficiencies and greater power sensitivities than triodes, but on the other 
hand they have higher distortion, particularly odd harmonic distortion. Their 
advantages over triodes generally outweigh their disadvantages, particularly as the 
distortion may be minimized by negative feedback, and they are almost exclusively 
used in ordinary commercial radio receivers. Reference should be made to Chapter 7 
for amplifiers incorporating negative feedback. 

The basic circuit of a power pentode with transformer-coupled load is Fig. 13.18. 
A choke-capacitance coupled load may also be used, as for a triode (Fig. 13.17). The 
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only essential difference from a triode is that provision must also be made for a constant 
voltage to be applied to the screen. In some cases the screen is operated at the same 
voltage as the plate, so as to avoid a separate screen voltage supply. 

In a practical circuit the screen, the plate return and the grid return should each 
be by-passed to the cathode. 

(ii) Ideal pentodes 

An ideal pentode is one having infinite plate resistance, a 90° angular knee and 

equally spaced characteristic curves (Fig. 13.19). The zero bias characteristic is 

OAC, the — E cl characteristic is ODE, while the — 2E el characteristic is OB. The 

operating point is Q, the optimum loadline is AQB where AQ = QB and the distortion 

is zero. 

The following may readily be derived — 

Optimum R L = E b /I b 

Then for optimum load resistance : 

Po = $E b I b 

D.C. power input = E b I b 
Plate circuit efficiency = \E b I b /E b I b = 50% 
E cl = E c2 /2ix t 
where E c2 = screen voltage 
and jLt 4 = triode amplification factor = /i„n, 2 - 
For any value of load resistance : 

■Po = \I b 2 Ri when R L is less than E b /I b (6) 

Po = lE b */R L when R L is greater than E b /I b (7) 

(It is assumed here that the signal voltage is reduced for other than optimum R L 
in order to avoid distortion.) 
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Fig. 13.19. Plate characteristics of ideal pentode. 
Fig. 13.20. Plate characteristics of typical pentode compared with ideal characteristics. 

(iii) Practical pentodes — operating conditions 

A practical pentode has characteristics of the form of Fig. 13.20 on which has been 
superimposed the " ideal characteristics " for the same plate voltage and current. 

(A) The load resistance corresponding to the loadline AQB is slightly lower than 
the ideal value E b /I b . A good general rule for all pentodes is 

R L & 0.9 E b /I b (8) 

which is usually correct within ± 10% for maximum power output. Eqn. (8) is 
safe to use under all circumstances, although an adjustment may be made experi- 
mentally or graphically to secure the best compromise between distortion and power 
output. 

(B) The power output is always less than $E b I b , and may be calculated graphically 
[see (iv) below]. 

(C) Owing to rectification effects, the direct plate current may rise or fall from 
zero signal to maximum signal [see (v) below]. 
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(D) The plate circuit efficiency is usually between 28% and 43% for total har- 
monic distortion less than 10%. Of course, the screen current is wasted, so that the 
total plate + screen circuit-efficiency is lower. The plate dissipation is equal to the 
d.c. watts input less the signal power output. The screen dissipation is equal to the 
d.c. screen input. 

(E) Screen current : In a pentode, if the control grid bias is kept constant and 
only the plate voltage varied, the total cathode current (plate + screen) will remain 
nearly constant, decreasing slightly as the plate voltage is reduced down to the knee of 
the curve. Below this plate voltage the screen current increases more rapidly until 
zero plate voltage is reached, at which point the screen current is a maximum (Fig. 
13.21). It is evident therefore that if a dynamic loadline cuts the zero bias curve 
below the knee, the screen current will rise rapidly and the screen dissipation may be 
exceeded. The average maximum-signal screen current may be calculated from the 
approximation 

I c2 av ^ z* a + \Iq (9) 

where I A — screen current at minimum plate voltage swing and zero bias (point A), 
and Iq = screen current at no signal and normal bias. 
The screen dissipation is therefore P„ 2 where 

P B 2 = EMI A + Vq) ( 10 ) 

The variation of screen current with change of control grid voltage is such that the 
ratio between plate and screen currents remains approximately constant provided that 
the plate voltage is considerably higher than the knee of the curve. This ratio may 
be determined from the published characteristics. 

A pentode, or beam power tetrode may be used as an amplifier with the plate voltage 
in the region of the knee of the curve of the E c = characteristic, that is somewhere 
about one fifth of the screen voltage, provided that care is taken to keep both plate 
and screen dissipations within their ratings. This gives operation very similar to that 
of a triode with a non-critical and low value of load resistance, which may be useful 
in some special applications (Ref. C6). This method of operation is not here de- 
scribed in detail. 
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Fig. 13.21. Plate, screen and cathode current characteristics of pentode. 
Fig. 13.22. Calculation of pentode power output and distortion using the five selected 

ordinate method. 

(F) The screen should be supplied from a voltage source of good regulation ; a 
voltage divider, whose " bleed " current is very much higher than the maximum 
screen current under dynamic conditions, is the most common source when the screen 
voltage is lower than the plate voltage. 

(G) The voltage gain is determined as for a triode [Section 2(i) eqn. 8]. 

(H) If oscillation or parasitics are experienced, a grid stopper resistance of 
about 500 ohms may be used. A small mica condenser from the plate terminal to 
earth is often beneficial. The bias resistor and its electrolytic by-pass condenser may 
be by-passed by a 0.001 ^F mica condenser. The shells of metal valves should be 
earthed directly. The length of leads should be as short as possible, particularly 
between the valve terminals and their by-pass condensers. 
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With type 807, a stopper resistor of 100 ohms (non-inductive) may be connected 
directly to the screen terminal of the valve, and a by-pass condenser (0.01 pF mica) 
taken from the end of the resistance remote from the screen, directly to earth. 

(I) Overload characteristics — Owing to the crowding together of the charac- 
teristics at and below the knee of the curves, a pentode tends to give a smoother over- 
load characteristic than a triode. There is no point at which the distortion begins 
sharply, but rather a gradual flattening effect on the top, or top and bottom, of the signal 
current wave. Pentodes or beam power amplifiers with negative feedback lose most 
of this " cushioning effect," and more closely resemble triodes as regards overload. 
The distortion due to grid current may be minimized by a low impedance (triode) 
•preceding stage and a fairly low value of grid resistor ; this will then leave the dis- 
tortion due to the characteristics as the predominant feature, and provide a reasonably 
smooth overload. 

(iv) Graphical analysis — power output and distortion 

The choice of loadline for a pentode is usually made by firstly selecting the screen 
voltage and then selecting a convenient plate voltage. The third step is to note the 
grid voltage which allows a small plate current to flow, and to divide this voltage by 
2 to obtain the grid voltage for the working point — thus determining the quiescent 
operating point Q. A scale is then swung around Q (a small pin is helpful as a pivot) 
until the two parts of the loadline are equal. If the scale is calibrated in millimetres, 
the 10 cm. calibration may be held at Q and the two parts compared direcdy by eye. 
When the two parts are equal, the second harmonic distortion will be zero, and the 
loadline is a first approximation for maximum power output. 

In the case of some pentodes, and particularly beam power amplifiers of the 6L6 
class, the loadline for zero second harmonic is obviously far from the knee of the curve. 
In such a case the loadline should be taken to the knee of the curve, if sharply defined. 

To determine the exact loadline for maximum power output, it is necessary to take 
several angles, and to calculate the power output for each. The final choice of load- 
line is usually a compromise between power output and distortion ; in such a case the 
load resistance is always less than the one giving maximum power output. 

Load resistances higher than that giving maximum power output are to be avoided 
because they give greater harmonic distortion, less power output and higher screen 
current. It is better to err on the low side, particularly with nominal loudspeaker 
loads. 

Owing to the presence of appreciable percentages of third and higher order odd 
harmonics, the formulae for triodes are not suitable for pentodes. There are several 
methods for pentodes, the choice depending on whether third harmonic only is re- 
quired, or third and higher harmonics. Reference should be made to Chapter 6 
Sect. 8(iii) " Graphical Harmonic Analysis." 

The treatment here is based On a working loadline. If the amount of second 
harmonic is very small, the rise of plate current due to rectification may be neglected. 
If there is an appreciable amount of second harmonic, it is necessary to use the method 
of Sect. 3(v) for drawing the corrected loadline ; the formulae below should then be 
applied to the corrected loadline. 

(A) Five selected ordinate method (For second and third harmonics only) 

This method makes use of the plate currents corresponding to grid voltages — 0.293 

and — 1.707 E cl in addition to the three currents used with Class A a triodes. If 

these are all available, the loadline of Fig. 13.22 is all that is required — if not, it will 

be necessary to plot the dynamic characteristic as in Fig. 13.24. 

Po = [/».. - I mtn + 1.41 (I x - Iy)] 2 R l /32 (11) 

Rl = iPmax — Emin)/(Imox — Imtn) (*2) 

% 2nd harmooic - , ^ ft^l 7r ) * 1» (») 



• max 



% 3rd harmonic - **" \ min , ]f. % [ T ] x 100 (14) 

Imax - Imtn + L41 (I X ~ 'Y) 
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where I x = plate current at — 0.293 E cl 
Iy — plate current at — 1.707 E cl . 
Eqns. (11) to (14) are exact provided that there is no harmonic higher than the third. 
The power output is that for fundamental frequency only, but the power output for 
10% harmonic distortion is only 1 % of the fundamental power output. 

The presence of third harmonic distortion has a flattening effect on both the posi- 
tive and negative peaks, thus increasing the power output for a limited value of I m a x — 
I min . For example, 10% third harmonic reduces the value of I max by 10% while 
it increases the total power output by 1%. If there were no distortion, and the value 
of Imax were maintained at 90%, the power output would be only 81%. Thus the 
ratio of power output with and without 10% third harmonic distortion is 101/81 = 
1.25, on condition that I max — Imin is kept constant. In simple language, for the 
same plate current swing, 10% third harmonic distortion increases the total power 
output by 25%. This will be modified by the presence of fifth and higher harmonics 
[see iv(D) below j Sect. 7(iii)]. 

(B) Five equal-voltage ordinate method (Espley) 

For second, third and fourth harmonics only. 

The previous method requires characteristics for — 0.293 and — 1.707 E cl , which 

are often not directiy available. The following method is usually more convenient 

and is exact provided that all harmonics above 77 4 are zero (see Fig. 13.23 for symbols). 

Po = (/-o - /i-o + /o.5- - /i..) 1 « i /18 (15) 

3(7 - 2/i.o + 7 2 . ) 
% 2nd harmonic = ° ^ ±*j— x 100 (16) 

(J, - 27 . 5 + 2/n - 7,. ) 

% 3rd harmonic = , ° , . — , , ' X 100 (17) 

o, auu • (/o - 47,., + 6I U0 - 4/t.. + 7,. ) 

% 4th harmonic = MT . z z—\ x 10 ° ( 18 ) 

D.C. plate current = ^(7 + 27 . 5 + 21^ + 7 2 . ) (19) 

A third harmonic scale may be prepared for reading the third harmonic percentage 
(Ref. A14 pp. 71-72). 

(C) Seven equal-voltage ordinate method (Espley) 

This is exact for harmonics up to the sixth, provided that higher harmonics are 
zero. It is sometimes more convenient than the five ordinate method, when there are 
no - 0.5 and — 1.5 E cl curves, even when the higher harmonics are of no interest. 

The symbols have the same significance as in Fig. 13.23 with the subscript indicat- 
ing the grid voltage. 

P = (1677 + 2527 . 3S - 457 . 67 + 457^3 - 2527 1 . 67 - 1677 2 . ) 2 7^/819 200 (20) 
H t % =25(5597 +4867 . 33 - 12157 . 67 +3407^0 - 1215/l,, +486/^ +5597 2 . )/7 (21) 
77 3 %=250(457 -367 .3 3 -637 . 67 +637 1 .33+367 1 . 67 -45I 2 . )/7 (22) 

77 4 %=450(177 -427 .33 + 157 . S7 +207^0 + 157^33 -427!^ + 17/ 2 . )/7 (23) 

H 6 %=4050(7 -47o.33+57o. 67 -57 1 .,3+47 1 . 67 -7 2 . )/7 (24) 

H 6 %=2025(7„-67 .33 + 157 . 67 -207 1 . +157 1 . 33 -67 1 . 67 +7 2 . )// (25) 

where 7=1677 +2527 .33-457 . 67 +457 1 . S3 -2527 1 . 67 -1677 2 . . 

(D) Eleven selected ordinate method 

To use this method, it is first necessary to plot the loadline on the plate characteris- 
tics, and then to transfer it to a dynamic mutual characteristic (Fig. 13.24) from which 
the required values of plate current may be derived. 

P = i(0.5/ - 0.57 2 . + I Km3 - 7 Am6 ) 2 K i (26) 

7 ftl = 0.5/ — 0.57 2 .„ + 7 Am3 — I hms = fundamental (27) 

7* 2 = i(7 + 7 2 . - 2/lo) (28) 

7 A3 = 0.167(27 . 5 + 7 2 . - 7 - 2/ ll5 ) (29) 

hi = Wo + 2A.0 + 7 2 . - 27 . 3 - 27l 7 ) (30) 

7 ftB = 0.1(2/ . 7 + Jo + 2/ 1<8 - 2/ 0>2 - 27 x .3 - 7 2 ) (31) 

Percentage second harmonic = (/ Am2 // ftml ) x 100 
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Fig. 13.23. Calculation of pentode power output and distortion using the five equal- 
voltage ordinate method. 
Fig. 13.24. Calculation of pentode power output and distortion using the eleven selected 

ordinate method. 

Percentage third harmonic = (Ih mS /I hml ) x 100 etc. 

Note that all currents, including I hmli I km2 etc., are peak values. The exact values 
of grid voltage are 0, 0.191, 0.293, 0.5, 0.69~1, 1.0, 1.309, 1.5, 1.707, 1.809 and 2.0. 
The approximate values are, however, sufficiently accurate for most purposes. 

Eqn. (26) shows that third harmonic distortion adds to the power output, while 
fifth harmonic subtracts from the power output as calculated for distortionless con- 
ditions. See also (iv)A above ; Sect. 7(iii). 

For theoretical basis see Chapter 6 Sect. 8(iii). 

(v) Rectification effects 

The general effects are the same as for a triode except that it is sometimes possible 
with a pentode to have zero second harmonic and no loadline shift. In all other cases 
it is necessary to determine the corrected loadline before applying harmonic analysis or 
calculating power output. The method of deriving the corrected loadline is the same 
for pentodes as for triodes [Sect. 2(ii)D]. For example see Fig. 13.28. 

With a triode, the loadline always shifts upwards into such a position that the dis- 
tortion is less than it would otherwise be. With a pentode, the loadline shifts upwards 
when the load resistance is lower than a certain value, and shifts downwards when the 
load resistance is higher than this value. When a pentode loadline shifts downwards 
it causes increased distortion or decreased power output. 

(vi) Cathode bias 

The operation of cathode bias is the same as with triodes [Section 2(ii)E] except 
that the total current flowing through the cathode bias resistor is the sum of the plate 
and screen currents [Chapter 2 Section 4(v)]. If the screen is supplied from a voltage 
divider which is returned to the cathode, the bleed current must be added to the 
cathode current in calculating R k . This tends to stabilize the bias voltage. Even in 
cases where there is no rise of plate current at maximum signal, there will always be 
a rise in screen current [Section 3(iii)E]. 

When a tentative value of R k has been determined for maximum signal conditions, 
it is necessary to check both plate and screen dissipations at zero signal. If the plate 
and screen voltages are equal, the simplest method is the use of the " triode " mutual 
characteristics, if available [Chapter 2 Sect. 4(v)]. 

If there is a " bleed " current through R *, the procedure is shown in Fig. 13.25 
where the triode mutual characteristic is shown in the upper part, with OA repre- 
senting the bleed current in the lower part. The cathode loadline is drawn from A 
(instead of from 0) with a slope of — 1/R k where R k is the value determined for 
maximum signal conditions. 

The no-signal grid bias is — E el and the cathode current (I b + I c z) is I kl . The 
dissipation on plate and screen is given by 

P = I kl E b m/(m + 1) ; P g2 = I kx EJ{rn + 1) (32) 

where m = ratio of plate to screen currents = I b /I c z- 
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The rectification effects with cathode bias may, like triodes (Fig. 13.8) be determined 
from the plate characteristics but an approximation is involved since D"2? 66 must 
have a slope of — m/R k (m + 1) where m — I b /I c2 . The value of I c2 may be taken 
as that for maximum signal, and a slight error will then be introduced when deriving 
the zero signal condition. The cathode bias loadline should, ideally, be drawn as two 
loadlines — one for zero signal, and the other for maximum signal. For most pur- 
poses, however, the maximum signal cathode loadline may be used for both conditions. 
The zero bias lines are, in each case, above the lines for maximum signal, and the 
difference in slope is of the order of 5% to 10%. 

In general, any Class Ai pentode may be operated either with fixed or cathode bias, 
as desired, except for the limitations on the maximum grid circuit resistance [see 
Sect. 10(i)]. It occasionally happens that a condition is permissible only with fixed 
bias, owing to the rise in plate dissipation at zero signal. 

For back bias, further details regarding fixed bias, and grid circuit resistance see 
Sect. 10. 

For cathode by-passing see Sect. 2(ii). 

FIG. 13.26 



Slopc=-l/R|, 





Fig. 13.25. Cathode loadline of pentode with additional bleed current passing through 

the cathode resistor, plotted on mutual characteristics. 
Fig, 13.26. Power output and harmonic distortion of typical pentode plotted against 
load resistance. Valve type 6AK6, E b = E c2 = 180 V, E cl = -9, peak signal = 9 volts. 



(vii) Resistance and inductance of transformer primary 

The resistance of the transformer primary may be allowed for in the same way as 
with triodes [Sect. 2(ii)A]. If R' is the resistance of the primary, and R k is the 
cathode bias resistance, then the slope of the line QE b in Fig. 13.6 should be — 1/(R' + 

The transformer primary inductance may be based on Chapter 5 Sect. 3(iii)c. 

For the same load impedance and the same high frequency attenuation, pentodes 
may have higher transformer leakage inductance than triodes if frequency response 
is the only criterion. However, owing to the distortion with reactive loads at high 
output levels, it is very desirable to maintain the leakage inductance as low as prac- 
ticable, particularly in push-pull amplifiers. 

(viii) Loudspeaker load 

A pentode is, unfortunately, critical in its load resistance for both maximum power 
output and distortion. At low operating levels the output power rises steadily as the 
load resistance is increased up to the value R L = r v provided that the grid input 
voltage is maintained constant (the low operating level is to avoid overloading under 
any conditions). A loudspeaker has pronounced impedance peaks at the bass re- 
sonant frequency and at high audio frequencies. When a loudspeaker is operated 
at a low level, the acoustical output is accentuated at the bass resonant frequency and 
at high audio frequencies. The latter may be reduced to any desired degree by a 
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shunt filter — a resistance R in series with a capacitance C. If R is variable, the com- 
bination is the simplest form of tone control. If R is fixed, typical values are : 
R = 13R L ; C = 0.025/xF for R L = 5000 ohms. 

This does not affect the rise of impedance at the bass resonant frequency, which 
is a function of the loudspeaker design and the type of baffle — see Chapter 20 Sect. 
2(iv) and Sect. 3. 

At maximum signal voltage the conditions are somewhat different (Fig. 13.26). 
The power output in this case reaches a maximum at R L = 9000 ohms. The second 
harmonic reaches a minimum (practically zero) at about R L = 14 000 ohms, and then 
rises steadily ; actually it undergoes a change of phase near R L = 14 000 ohms. 
The third harmonic rises all the way from zero to the limit of the graph. Minimum 
" total distortion " occurs at R L = 10 000 ohms, which is the published typical load, 
being a close approach to maximum power output. In this particular case the load 
resistance for zero second harmonic is not that for maximum power output. 

In the case of a loudspeaker load, the load resistance may rise from the nominal 
value to (say) 6 or 8 times this value ; all the variation is in the upwards direction. If 
full signal voltage is maintained for all frequencies, the distortion will be very severe 
and the maximum power output will be reduced at low and high frequencies. The 
only methods of minimizing the trouble are the use of a loudspeaker and baffle with 
less prominent impedance peaks, and the use of negative voltage feedback 
(see Chapter 7) or reduced signal voltage on the grid. A pentode, operating well 
below its' nominal power output, is capable of giving reasonable fidelity even on 
an ordinary loudspeaker load. In a normal radio receiver, a power pentode with a 
nominal maximum power output of 4 or 5 watts can give reasonable fidelity up to 
somewhat over 1 watt, but it has the advantage of being capable of delivering its full 
power output when the distortion can be tolerated. 

The effect of these high impedance loads, which are here assumed to be purely 
resistive for the purpose of illustration, is shown by the beam power amplifier plate 
characteristics in Fig. 13.27. The effect may be minimized by reducing R L slightly 
below the optimum value. 
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Fig. 13.27. Plate characteristics of 6L6 or 807 beam tetrode with loadlines of optimum 
resistance also twicer four times and eight times optimum. The loadlines have been corrected 
for the rectification effect. 

The impedance of a loudspeaker is, however, far from being resistive (see Chapters 
20 and 21), having a reactive component varying with frequency, which must be com- 
bined with the shunt reactance of the transformer primary at low frequencies and that 
of the shunt capacitance from plate to earth at high frequencies. The combined 
reactive components increase the distortion and reduce the power output [see also 
Chapter 5 Sect. 3(iii)c and Chapter 2 Sect. 4(vi) ; Ref. C4]. 

The published values of power output apply to highly efficient output transformers. 
The available power output from the secondary of a normal power transformer is 
equal to rj times the published value, where t\ is the efficiency [see Chapter 5 Sect. 
2(ii) and Sect. 3(vi)]. Typical efficiencies are from 70% to 95% (depending on the 
price class) for well-designed transformers. 
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(ix) Effects of plate and screen regulation 

The internal resistances of plate and screen supply sources cause a reduction in 
power output. If the regulation of the power supply is such that the rise of plate and 
screen currents causes a decrease of 1 % in all the electrode voltages, the decrease in 
power output (by the use of conversion factors) will be approximately 2.5%. This 
will be modified by the shape of the characteristics and rectification effects, and the 
only accurate method is the graphical one outlined below. See also remarks on 
push-pull — Sect. 6(iii). 

In addition, the regulation and by-passing of the power supply also affect the mini- 
mum frequency which can be handled satisfactorily at full power output — see Sect. 
Kiv). 

Graphical method (Ref. 64). 
Let i?x = internal resistance of plate supply source, 
R a = internal resistance of screen supply source, 
AI b — increase in plate current from zero to maximum signal, with constant 
electrode voltages, 
= increase in screen current, with constant electrode voltages, 
= change in plate voltage, 
= change in screen voltage, 
= plate voltage at maximum signal, 
= screen voltage at maximum signal. 
E b - AE b (33) E e2 ' = E c2 - 



and 
Then 



Ale 

AE 

AE C 

E t 

Ed 
E h ' 



where AE b = R t AI b 




(34) 
(36) 



Fig. 13.28. Plate characteristics of 6L6 or 807 illustrating method of correcting the 
loadline for rectification. The corrected loadline is A" B". 

On the plate characteristics (Fig. 13.28) AB is the uncorrected loadline with C as 
its average current point, A'B' is a parallel loadline with C as its average current 
point, A"B" is the corrected loadline. The average current may be determined from 
the point on A"B" which has a plate voltage 300 volts ; from this the rise of current 
AI b may be calculated. The value of AI c2 tasty be determined from eqn. (9), AE c2 
may be calculated by eqn. (36) and E e2 ' by eqn. (34). In the example of Fig. 13.28 
let it be assumed that the plate, screen and grid voltages are all reduced proportion- 
ally, F* being 0.9 : 

E b = E cZ = 300 volts E b ' = E e2 ' = 270 volts 

E cl = - 15 volts E n ' =-- - 13.5 volts 

The procedure is : 

1. Plot a new curve for E cl = 0, E f2 = 270 volts, by the use of conversion factors*. 
This is drawn on Fig. 13.29. For F c = 0.9, F, = 0.86. 

2. Plot a curve for E tl ' = — 13.5, E n ' = 270 volts similarly. This will be the 
— 15 volt curve (for E c2 = 300 volts) with the current ordinates multiplied 
by the factor 0.86. 

*For conversion factors see Chapter 2 Sect. 6 and Fig. 2.32A. — 
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FiG. 13.29 




' w 300 400 soo 

Fig. 13.29. Plate characteristics of 6L6 or 807 giving graphical method for deriving 
the effect of internal resistance in the voltage supply source. 

3. Plot a curve for E cl ' = - 27, £ c2 ' = 270 volts. This will be the - 30 volt 
curve (for E c2 ' — - 300 volts) with the current ordinates multiplied by 0.86. 

4. Mark the point Q at E b = 270, E c2 = 270, E cl = - 13.5 volts. 

5. Through Q draw the uncorrected loadline RQS. 

6. Draw the corrected loadline R"D"S" by the same method as previously (Fig. 
13.28). 

7. Determine the rise of plate current from Q to D" (intersection of R"S" with 
E b = 270 volts). This should be approximately the same as derived in the first 
case (zl/ & ). If there is an appreciable error, some adjustment should be made. 

(x) Beam power valves 

Beam power amplifier valves, otherwise known as output tetrodes, are in two prin- 
cipal classes. The first class includes most of the smaller valves, which have charac- 
teristics so similar to pentodes that they may be treated as pentodes in all respects. 
The second class includes types such as 6L6, 807 and KT66, which differ from pen- 
todes principally in having sharper " knees " to their plate characteristics, more 
second harmonic but less third harmonic distortion. The optimum load resistance 
is more critical than with ordinary power pentodes. 

The screen currents of many types of beam power valves, due to variations in grid 
alignment, may have considerably greater tolerances than in pentodes — up to ± 100% 
in some instances — and screen dropping resistances should not be used unless re- 
commended by the valve manufacturer. The screen supply should normally be 
obtained from a voltage divider. 

The distortion and power output of type 6L6 beam power valve are plotted against 
load resistance in Fig. 13.30. The second harmonic is 9.6% at the rated load re- 
sistance, the third harmonic only 2.4% and all higher harmonics negligible. At lower 
load resistances the second harmonic rises, although not seriously, the third harmonic 
decreases steadily, and all higher harmonics are negligible — the overall effect being 
quite satisfactory. At higher load resistances the performance is not good, and the 
overall effect is roughly the same as with a pentode. See Chapter 7 for the effect of 
negative feedback. 

Reference C3. 



(xi) Space charge tetrodes 

A space charge tetrode is actually a triode operating on a virtual cathode provided 
by the thermionic cathode and the inner (space charge) grid. It is capable of low 
distortion, even lower than a triode, but the power output for a given d.c. power input 
is less than that of a triode, owing to the power taken by the space-charge grid. 

See Refs. Cl, C2. 
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(xii) Partial triode operation of pentodes ( fC ultra-linear " operation) 

When the screen and plate of a pentode are being operated at the same voltage, 
pentode operation is obtained when the screen is connected to the B+ end of the 
output transformer primary, while triode operation is obtained when the screen is 
connected to the plate end of the primary. Any desired intermediate condition 
can be obtained by connecting the screen to a suitable tap on the primary. In such 
intermediate condition the valve operates as a pentode having negative feedback 
applied to the screen, with a section of the load impedance common to both electrodes, 
and minimum high level distortion with push-pull operation is usually obtained when 
the tapping point is about 20% of the total primary turns (Refs. C7, H5, H6). 
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Fig. 13.30. Power output and distortion of type 6L6 beam power amplifier plotted 
against load resistance, for E b = E c2 = 250 volts, E el = -14 volts, peak signal 14 volts. 

SECTION 4 : PARALLEL CLASS A AMPLIFIERS 

Any two Class A amplifier valves may be connected in parallel, with suitable pro- 
vision for their correct operation, to provide double the power output. It is assumed 
that these have identical characteristics (the normal manufacturing tolerances have 
only a very slight effect). The load resistance will be half that for one valve. The 
distortion will be the same as for one valve. The input voltage will be the same as 
for one valve. The total plate current will be twice that for one valve. The effective 
plate resistance will be half that for one valve. 

Parasitics are likely to occur, particularly with high-slope valves. Precautions 
to be taken include the following : 
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1 . The two valves should be placed closely together, with very short leads between 
grids and plates (and screens in the case of pentodes). 

2. A grid stopper should be connected directly to one or both grids. It is usually 
cheaper — and just as effective — to have one grid stopper of, say, 200 ohms than 
two stoppers each of 100 ohms. 

3. Screen stoppers (50 or 100 ohms for each screen) are very helpful, particularly 
with types 6L6 or 807 [see Sect. 3(iii)H]. 

N.B. Plate stoppers are less helpful, are wasteful of power, and are generally 
unnecessary. 

The advantages of parallel operation lie principally in the elimination of the phase- 
splitter or input transformer required with push-pull operation. The disadvantages 
are : 

1. The necessity for handling the heavy direct plate current. This necessitates 
either a special output transformer or a choke (say 20 henrys) with parallel feed 
to the output transformer. 

2. The higher distortion— this is not serious if negative feedback is used, and in 
any case is no worse than that of a single valve. 

3. The attenuation of lower frequencies at maximum power output due to the 
limited size of the by-pass capacitor. This effect is also a function of the plate 
supply regulation — see Sect. l(iv). 

Parallel operation may be used with a cathode-follower stage, permitting the use 
of two smaller valves with lower plate voltage in place of one valve with higher plate 
voltage, and thereby reducing the difficulties of grid excitation. 



FIG. 13.31 



SECTION 5 : PUSH-PULL TRIODES CLASS A, AB 2 

.(*) Introduction (ii) Theory of push-pull amplification (Hi) Power output and 
distortion (iv) Average plate current (v) Matching and the effects of mismatching 
(vi) Cathode bias (vii) Parasitics. 

(i) Introduction 

(A) Fundamental principles of push-pull operation 

The fundamental circuit of a push-pull power amplifier is Fig. 13.31. A balanced 
(push-pull) input voltage must be applied to the three input terminals, and a balanced 

(push-pull primary) output transformer must 
be connected to the two plates with its centre- 
tap connected to E bb + . For the best results 
the input voltage must be exactly balanced, 
the valves must have identical characteristics 
and the output transformer must be exactly 
balanced between the two sections of the 
primary, with perfect coupling between them. 
Under these conditions, any even harmonics 
introduced by the valves will be cancelled, 
but the odd harmonics will not be affected ; 
the flux in the core due to the d.c, plate 
currents would be zero. 





Fig. 13.31. Fundamental cir- 
cuit of push-pull power amplifier. 



The load resistance i? 2 is connected across the secondary, and the reflected resist- 
ance* across the whole primary is 



R, 



4RANS/N,*) 



♦See Chapter 5 Sect. l(ii). 
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and the reflected resistance across half the primary is 

R L " = *R L = 2RANS/N,*) 
where N t — turns in half primary winding 
and N 2 = turns in secondary winding. 

If valve V 2 in Fig. 13.31 were removed from its socket, the load resistance effective* 
on V x would then be 

R L > = IR L = R^NS/NS) 
which is half the load resistance on V x under push-pull conditions. This is the con- 
dition which occurs when one of the valves reaches plate current cut-off. 

If the output transformer were replaced by two separate transformers, one from 
each plate to E bb +> the even harmonics would not be cancelled and the other advan- 
tages of push-pull operation would be lost. The whole principle of push-pull opera- 
tion is based on the assumption that the two plates are always exactiy 180° out of 
phase with one another. This is achieved by an " ideal " output transformer (see 
Chapter 5 Sect. 1) even if one of the valves is not operating. 

If two valves are to be operated in push-pull, the plate and grid voltages may be 
the same as for single valve operation, the plate-to-plate load resistance may be twice 
and the plate currents twice the respective values for a single valve ; under these 
conditions the power output will be exacdy twice that for a single valve. On the other 
hand, higher power output is obtainable, with some increase in third harmonic dis- 
tortion, merely by decreasing the plate-to-plate load resistance without any change 
in grid bias (Ref. E7). Still higher power output is obtainable by increasing the grid 
bias and the signal input voltage, also by increasing the plate voltage to its maximum 
value. 

(B) Classes of operation 

A Class A amplifier is an amplifier in which the grid bias and alternating grid 
voltages are such that the plate current of the output valve or valves flows at all times. 
The suffix 1 indicates that grid current does not flow during any part of the input 
cycle. 

A Class ABx amplifier is an amplifier in which the grid bias and alternating 
grid voltages are such that the plate current in any specific valve flows for appreciably 
more than half, but less than the entire, input cycle. The suffix 1 has the same 
meaning as with Class A. 

A very useful operating condition is the borderline case between Class A and Class 
ABi, that is when the plate current just reaches the point of cut-off — this is called 
Limiting Class A x operation. 

Class A t triodes may be operated from poor regulation power supplies without 
serious loss of power output owing to the comparatively small rise of current at maxi- 
mum signal. Class AB X triodes require good regulation of the power supply. Class 
AB X also requires very tight coupling between the two halves of the transformer 
primary. 

Automatic bias control has been developed (Refs. A24, A25) whereby the opera- 
tion is pure Class A x with small input voltages, with the bias automatically increasing 
with the input voltage to provide firstly Class AB X and finally Class AB 2 operation. 
See also Sect, ll(ii). 

(C) Important features 

Class A x triodes may be operated in push-pull from power supplies having poor 
regulation without any serious loss of power output, owing to the comparatively small 
rise of current at maximum signal. In addition, with normal by-passing, the regula- 
tion of the power supply does not affect the minimum frequency that can be handled 
satisfactorily at full power output. 

Good regulation of the power supply is necessary with Class AB operation, on both 
these counts. 

With Class AB operation, the current in one half of the output transformer is zero 
for part of the cycle — this causes a very rapid rate of change of current at the cut-off 
point, tending to cause parasitics due to the leakage inductance of the transformer. 
This effect may be minimized by the use of a transformer with low leakage induct- 

*See Chapter 5 Sect. l(ii). 
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ance — see Chapter 5 Sect. 3(iii)c — or by reducing the rate of change of current. The 
latter is accomplished in limiting Class A operation owing to the avoidance of the 
sharp bend or " discontinuity " in the characteristic at the cut-off point. Valves 
of the 6L6 or 807 class, when connected as triodes, have a slower rate of cut-off than 
normal triodes, and are therefore particularly adapted to Class AB X operation, which 
merges closely into limiting Class A. 

The use of a resistive network to pass a steady current through the primary of the 
transformer does nothing to reduce the rate of change of current, although it may help 
in damping out any parasitics which may occur. 

(ii) Theory of push-pull amplification 

It is assumed that the input voltage is sinusoidal, that the operation is Class A u 
that the output transformer is ideal having no resistance or leakage reactance, and that 
the input and output voltages are balanced. The valves are assumed to be perfectly 
matched. For circuit and conditions see Fig. 13.31. 

(A) The plate-current grid-voltage characteristic of any valve may be expanded 
into an infinite series — 

hi = a + a x e g + a z e g 2 + a s e g 3 + a 4 e 9 * + a s e g 5 + (1) 

where i bl = instantaneous plate current, 

e g = instantaneous grid signal input voltage, 
a = plate current at zero signal, 
and a 1} a 2 , a 3 , etc. are coefficients. 

The instantaneous fundamental power output is given by 
P„ = (a ieg yR L (2) 

where R L = load resistance on one valve. 

In a push-pull amplifier the second valve V % has a grid voltage opposite in polarity 
to V } : 

h 2 = a — a x e 3 + a z e g 2 — a z e 3 + agf — a b e g 5 + (3) 

where t b2 = instantaneous plate current of V i} 
a = plate current of V 2 at zero signal, 
and a 13 c 2 , a 3 etc. have the same meanings as in eqn. (1). 

Eqn. (3) has been derived from eqn. (1) merely by making e g negative, so that e„ 2 
becomes positive and e g 3 becomes negative. 

As the plate currents are in phase opposition to the output load, the net flux-pro- 
ducing current is 

= 2a 1 e g + 2a z e 3 + 2a 5 e g 5 + (4) 

where i d = net flux-producing current in N x turns, i.e. one half the primary wind- 
ing, 
and all currents are instantaneous values. 

The d.c. components and all the even harmonic terms are seen to have been can- 
celled, only the fundamental and odd harmonic terms remaining. 
The total plate current from E bb is given by 

*'* = hi + hi 

= 2a + 2a 2 e g 2 + 2c 4 e s * + (5) 

from which it will be seen that the d.c. components plus the even harmonic terms are 
present. Thus the total supply current will only remain constant when there is no 
even harmonic distortion. 

(6) The effect of hum in the plate and grid supply voltages 

If the plate supply voltage E bb in a distortionless Class A amplifier is changed 
slightly, both plate currents will change together, and the net flux-producing current 
{i d ) will be unchanged. Hum from the supply voltage would not therefore appear 
in the output. The effect of hum from the grid bias supply will be similar. 

In a practical amplifier, owing to the curvature of the valve characteristics, the effect 
may be analysed as follows, commencing with hum in the grid bias supply voltage. 
Assume that there is a hum voltage E h cos pt in series with E c> and that the input 
signal is E g cos qt. 
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The input voltage to V x is E h cos pt + E a cos qt. 
The input voltage to V 2 is E h cos pt — E a cos qt. 
Substituting these values in equation (1) we have 

*6i = a + a 1 (E h cos pt + E Q cos qt) + a 2 (E h cos pt + E g cos qt) 2 + 

=■• a + CiEn cos pt + a x E a cos qt + a 2 E h s cos 2 pt + a % E Q 2 cos 8 qt + 

2a 2 E h E g cos qt cos pt + 

Similarly 

*&2 = a + a x (E h cospt — E„ cos qt) + a 2 (E h cospt — E„ cos qt) 2 + 

= a Q + a x E h cospt — a x E„ cos qt + a 2 E h 2 cos* pt + a 2 E g 2 cos 2 qt — 
2a 2 E h E g cos #r cos pt + . . . 
Therefore i d = i bX — * M = 2a x E a cos ?f + ^<hP\E g cos #* cos />r 

= laiEg cos ?r[l + liaJa^En cos />r] (6) 

Eqn. (6) has the form of a carrier Qa x E g cos ?0 modulated to the depth 2(a 2 /a 1 )2? R 
by a hum frequency cos pt. 

The effect of hum in the plate supply voltage is similar to its effect on the grid bias 
supply, that is to say the hum frequency modulates the signal frequency. It should 
be noted that these modulation components appear in single-ended amplifiers to the 
same extent, but in combination with the fundamental and harmonics of the ripple, 
which latter are absent with push-pull operation. 

Summary — Push-pull operation tends always to reduce the effects of hum in 
either the grid bias or plate supply voltage. 
(C) Effects of common impedance 

The fact that no fundamental component is found in the total plate current i t 
(eqn. 5) prevents any fundamental signal voltage from being fed back to earlier stages 
as the result of a common impedance in the plate voltage source. As the even har- 
monics are fed back, each will again result in higher order harmonics, so that there 
can be no instability caused by feedback around a push-pull stage. 
General deductions 

1. Because the d.c. components of the plate currents cancel each other, no steady 
flux is maintained in the core of the output transformer. 

2. Because the even harmonics are zero, the limit placed on single-ended ampli- 
fiers no longer applies. It is usual to design push-pull amplifiers for maximum 
power output without primarily con- 
sidering the odd harmonics ; when dis- 
tortion is objectionable, this may be re- 
duced — at the expense of power output — 

**■ by increasing the load resistance. 

The effects of the regulation and by-passing 
of the power supply are covered in Sect. 5(i). 



(D) Application to characteristic curves — 
Composite characteristics 

From eqn. (4) the net flux-producing cur- 
rent in one half of the primary winding is 

id = hi - *m (7) 

Thus a " composite " characteristic may be 
drawn for the fixed grid voltage — E c by 
subtracting the currents in the two valves. 
At the quiescent plate voltage E bb> both 
valves draw the same plate current and 
therefore i d = 0. The composite charac- 
teristic must therefore pass through the 
point E b = E bbi i d = 0. At other plate 
voltages the value of i d is given by » tl — i b2 
when the plate voltage of one is increased 




Fig. 13.32. The derivation of the 

composite characteristic for matched 

push-pull valves. 
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by the same voltage that the other is decreased. This may be applied graphically 
as shown in Fig. 13 32 ; the upper half includes the E c characteristic for V t (ACDE) 
while the lower half includes the E c characteristic for V 2 but inverted and placed left 
to right (FGHD. Point G on the V 1 characteristic is the quiescent operating point, 
and point B corresponds to the plate voltage E bb . The V 2 characteristic is placed 
so that H, the quiescent operating point, comes below C ; then since BC = BH = I b0 
the point B is on the composite characteristic. At any other plate voltage N, the point 
L on the composite characteristic is found by subtracting PN from KN, giving LN 
as an ordinate. Valve V 2 cuts off at point J, so that the amount to be subtracted from 
the V x ordinate is zero, giving D (and its opposite number G) as points on the com- 
posite characteristic. The composite characteristic is therefore FGRBLDE which 
may be compared with the straight line FBE. Sudden bends occur at D and G, but 
the portion between D and G is fairly straight ; the latter includes the whole Class A 
operating region. It is obvious that the non-linearity of the composite characteristic 
becomes worse as the quiescent operating point is moved towards the foot of the char- 
acteristic — that is as I b0 becomes less. Thus we have the Class A condition (including 
limiting Class A) with nearly straight composite characteristics, the Class AB X con- 
dition which includes the kinks at the points of plate-current cut-off, and finally the 
Class B condition with quite considerable non-linearity. 

The composite characteristic of Fig. 13.32 is that for zero signal input voltage 
{e g = 0). Other composite characteristics may be drawn by a somewhat similar 
method, except that the (E c + e g ) characteristic of V 1 must be combined with the 
(E c — e g ) characteristic of V 2 to give the + e g composite characteristic. For example, 
if E c = — 60 volts, we may take e g in increments of 10 volts, giving : 
e g +10 +20 +30 +40 +50 +60 volts 

£ c + e g -60 -50 -40 -30 -20 -10 volts 

E c - e g -60 -70 -80 -90 -100 -110 -120 volts 

A family of composite characteristics is shown in Fig. 13.33 in which E bb = 300 
volts and E c = — 60 volts, with values of e g in accordance with the table above. The 
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Fig. 13.33. Family of composite characteristics for two type 2A3 triodes. 
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composite operating point is e a = and E b = E bb = 300 volts. The composite 
loadline is a straight line through this point, with a slope corresponding to R L ' = \R L > 
where R r : = load resistance plate to plate. We may therefore imagine a composite 
valve, taking the place of both Fj and V is working into half the primary winding with 
the other half open-circuited. This composite valve will have a plate resistance (r d ) 
as indicated by the slope of the composite characteristic, which value is approximately 
half that of one valve at the quiescent operating point (r vo ). For this reason the slope 
of the composite characteristic changes slightly with the grid bias. 

Maximum power output is obtained from the composite valve when its load 
resistance is equal to its plate resistance 

i.e. when R L ' = JR z /4 = r v0 /2 or R L = 2r v0 (8) 

On the composite characteristics therefore, maximum power output is obtained 
when the slope of the loadline is the negative of the slope of the composite characteris- 
tics. 

Owing to the good linearity of the composite characteristics for Class A x operation, 
and the freedom from limitations in the vertical direction, elliptical loadlines may 
be accommodated with less distortion than with any other method. Negative voltage 
feedback makes such an amplifier practically distortionless for any type of load, 
resistive or reactive, of any value of impedance ; the only limitation is regarding grid 
current. 



FIG. 13.34 




Fig. 13.34. 



Method of deriving the loadline on an individual valve (AQV) from the 
composite characteristic AOB. 



The loadline on one valve (e.g. V x ) is determined as Fig. 13.34 in which the com- 
posite characteristics, the composite loadline AB, and the individual V x characteristics 
are the same as in Fig. 13.33. At every intersection of a composite characteristic 
with the composite loadline (e.g. point C) draw a vertical line (e.g. CS) to cut the 
corresponding V x characteristic. Then join these points APQSTV etc. with a smooth 
curve, which is the loadline on a single valve, Q being the quiescent operating point. 
It is obvious that this loadline is curved, although it is less curved with Class A than 
with Class AB X operation. 
Equivalent circuit for push-pull amplifier 

There are various forms which an equivalent circuit might take, but the one adopted 
here (due to Krauss) has some special advantages for the purpose (Fig. 13.35). The 
two valves are assumed to. have equal constant amplification factor (/u.), and plate 
resistances {r vl and r p2 ) which are functions of the plate current. 
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From equation (4) we have 

We may write 

*m = Ibo + Ai bl andi bi = I b0 — Ai b2 (9) 

where I b0 = quiescent plate current of either valve 

Ai bl = change of plate current in valve V x 
and Ai b2 = change of plate current in valve V 2 . 
Combining (4) and (9), 

i d = Ai bl + Ai b2 (10) 

in which the varying components of i bl and i b2 add so far as i d is concerned. Let 
the varying components be i vX and i p2 , thus leading to the equivalent circuit of Fig 
13.35 in which two generators each developing a voltage \i£ g through their internal 
resistances r pX and r p2 , are effectively in parallel to supply the load current i d through 
the load resistance R L '. All quantities except R L ' and p are instantaneous values. 



Fig. 13.35. Equivalent circuit which may 

be used for deriving certain impedance 

and current relationships. 



The impedance seen by V x is the impedance of the circuit to the right of the line 
ab, which is called r ab . 

It may be shown (Ref. E7) that 
r ab = R L '(l + r Pl /r P2 ) (11) 

The dynamic plate resistance of the composite valve may be expressed 

r d = Ae bl /i d (12) 

From (10) i d = Ai bl + Ai b2 . 

Now Ai bl = Ae bl /r vl (13) 

and Ai b2 = Ae b2 /r p2 (14) 

From (12), (13), (14), r d = r Pl r p2 /(r Pl + r p2 ) (15) 

This indicates that the plate resistance of the composite valve at any instant is equal 
to the parallel combination of the individual plate resistances of V x and V 2 . For 
Class A operation r d is very nearly constant, so that 

r d f*s r p0 /2 (16) 

where r v{s = plate resistance of V± or V 2 at the quiescent operating point. 
Now if R L ' = r d (the condition for maximum power output) 

R L ' - r d as r p0 /2 (17) 

The load impedance seen by a single valve (V x or V 2 ) in Class A operation is given by 
[From (11), (15), (17)], r ab ^ r vl ? (18) 

so that each valve at any instant is working into a load resistance approximately equal 
to its own plate resistance. 

(iii) Power output and distortion 

It has been shown in the preceding subsection that maximum power output is 
obtained from two matched valves in push-pull when the load resistance from plate to 
plate (R L ) is equal to 4 times the plate resistance of the imaginary composite valve 
(r d ) or approximately twice the plate resistance of one of the valves at the quiescent 
operating point {r v0 ). This value of R L may be regarded as the minimum value, 
since any decrease would cause loss of power output, increased distortion, and high 
peak currents. In some circumstances it is found desirable to increase R L — even 
though this reduces the power output — thereby reducing the odd harmonic distortion, 
the peak currents and plate dissipation. 
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The value of load resistance to provide maximum power output may be determined 
approximately from the plate characteristics of one valve (Fig. 13.36). Since the 
E e = characteristic approximately follows the 3/2 power law, it may be shown 
(Ref. E5) that maximum power output occurs when the loadline intersects the E c = 
curve at 0.6E bb . The plate current at this point is I bm and the other values are : 
R L = 1.6E bb /I bm plate to plate (19) 

P = 0.2E bb /I bm for 2 valves (20) 

If it is desired to determine the optimum value of R L in a particular case, several 
half-loadlines may be drawn as in Fig. 13.36 but radiating from B. The power 
output for each may be calculated from the expression 

P = H bm 2 R L <21) 

or P = iI bm (E bb - E min ). (22) 

Eqns. (21) and (22) may be used with reasonable accuracy for Class AB 13 since the 
third harmonic distortion is usually less than 3%. A useful rule is to multiply the 
power output, as indicated by these equations, by the factor 10 000/(100 — H 3 %) 2 
to obtain a close approximation to the actual power output. Values of this factor 
for various third harmonic percentages are given below : 
H 3 1% 2% 3% 5% 7% 10% 

Factor 1.02 1.04 1.06 1.11 1.15 1.23 

It is here assumed that fifth and higher order odd harmonics are negligible. 

The loadline slope is unaffected by the grid bias, but the two extremities are slightly 
affected — as the grid bias is decreased, the point A (which is really the intersection 
of the loadline with the composite characteristic) moves slightly towards B, Thus 
with Class A x the output will be slightly less than indicated by eqns. (20), (21) and (22). 



Half 

Loadline 





Fig. 13.36. Method of deriving the approximate power output and load resistance of a 
Class AB X amplifier from the characteristics of a single valve. The method may also be 

used with poorer accuracy for Class A x . 

Fig. 13.37. Calculating third harmonic distortion with balanced push-pull. Curve A 

is the dynamic characteristic. 

The dissipation at maximum signal may be calculated from the product of the plate 
supply voltage E b b and the average plate current [see (iv) below], minus the power 
output. The normal procedure is firstly to select a grid voltage such that the plate 
dissipation is slightly below the maximum rating at zero signal, then to adjust the 
loadline so that it approaches as closely as possible the value for maximum power 
output, without exceeding the plate dissipation limit at maximum signal. 

Simple method for calculating third harmonic distortion 

This method is only accurate in the absence of all distortion other than third har- 
monic ; it is a close approximation under normal conditions provided that all even 
harmonics are zero. 

The procedure is to draw the loadline on the plate characteristics, then to transfer 
this to the mutual characteristics in the form of a dynamic characteristic (Fig. 13.37). 
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Curve A is the dynamic characteristic while B is a straight line joining the two ends 
of A and passing through O. AI b is the difference in plate current between curve A 
and line B at one half of the peak grid voltage. The percentage of third harmonic 
is given by 



M, 



x 10o)/(/ 6m - pl b ) 



AI h X 100 



approximately. 



(23) 
(24 



Calculating up to fifth harmonic dis- 
tortion 

The usual method is to transfer from the 
loadline to a dynamic characteristic, then 
to proceed using the " eleven selected or- 
dinate method" (Sect. 3(iv)D). This 
gives the power output and harmonics up 
to the fifth. If the balance is good, only 
the third and fifth harmonics are likely to 
be required ; the fifth is very much less 
than the third harmonic for Class A opera- 
tion. 

(iv) Average plate current 

The average plate current with maximum 
signal input is always greater than under 
quiescent conditions — slightly greater for 
" single valve " conditions, more so for 
limiting Class A 13 and considerably greater 
for Class AB^ 

The average plate current may be cal- 
culated approximately by the expression 
I b £& I b0 -j- £(I max + I mi „ — 21 b0 ) 

(25) 
provided that the plate current does not 
actually cut off (Ref. El). 

More generally, and more accurately, the 
average plate current may be determined 
by adding the plate currents of the two 
valves instead of subtracting them as for the 
composite characteristics. The total plate 
current may then be plotted as in Fig. 
13.38 as a function of the signal grid volt- 
age. In order to find the average current 
it is generally most convenient to take equal 
angle increments over the cycle, for ex- 
ample, every 10° as shown in Fig. 13.39. 
The plate current should then be noted at 
each point corresponding to 10° increase 
in angle over the whole 360°. The aver- 
age plate current is then the average of 
these individual values. 

In order to reduce the amount of work in- 
volved in this calculation, use may be made 
of the fact that each quadrant (90°) is simi- 
lar. It is very easy to make an error in this 
calculation and the following method of ob- 
taining the average from the plate current 
curve over one quadrant is therefore given. 



FIG. 13.38 
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Fig. 13.38. Plate current {both 

valves) plotted as a function of the 

signal grid voltage. 
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Fig. 13.39. Plate current (both valves) 
with 10° angular increments. 
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This method is illustrated in Fig. 13.40 which shows the total plate current for both 
valves over one-quarter of a cycle. Grid voltages are shown as fractions of the peak 
grid voltage. The plate currents corresponding to grid voltages of 0, 0.17, 0.34, 0.5, 
0.64, 0.77, 0.87, 0.94, 0.98 and 1.0 times the peak voltage are shown as I , I . 17 etc. 
The average plate current (/„ „) is then given by 

^ae = Ki^O+-^0-17+-'0-3 4 + -'0'5+-'0-64+-»0*77+-^0-87+^0-94 + ^0'98+iA'o)' (26) 




Fig. 13.40. Plate current (both 

valves) plotted over one quadrant 

for the calculation of average plate 

current. 



•2 -3 «4 'S -6 -7 -B -9 HO 
TIMES PEAK GRID SWING 

(v) Matching and the effects of mismatching 

Matching is the process of selecting valves for satisfactory push-pull operation. 
Most valve manufacturers are prepared to supply, at some additional cost, valves 
which have been stabilized and matched for the application required. 

It is important to specify the conditions of operation when ordering matched valves, 
as unless the valves are stabilized and matched under conditions similar to those in 
which the valves are to be used, they will drift apart during life or may even be mis- 
matched initially if the matching conditions are unsuitable. 

All valves intended for matching should be operated for at least 50 hours under 
similar conditions to those under which the valves are intended to be operated in the 
amplifier. 

The matching technique varies with the class of operation for which the valves 
are intended. 

Matching valves for class A x service is not as critical as for valves intended for 
class ABj, class AB 2 or class B. For class A t service it is usually sufficient to match 
for zero signal plate current only. 

Triodes for class AB 13 AB 2 or class B service should be checked at a number of 
points on the plate current grid bias curve. The points usually taken are (a) zero 
signal condition (b) a bias corresponding to the maximum permissible plate dis- 
sipation. The plate currents so measured should agree at all points within 2%. 
Triodes intended for class AB 2 or class B service should also be matched for ampli- 
fication factor. 

When matching tetrodes and pentodes it is usually sufficient to match for zero 
signal plate current and power output. 

Even with perfect initial matching, valves are likely to drift apart during life and in 
critical applications it is desirable to provide some means of balancing the plate cur- 
rents of the valves in the equipment. This may take the form of separate bias re- 
sistors in the case of self-bias or adjustable bias supplies in the case of fixed-bias 
applications. Pentodes and tetrodes may also be balanced by adjusting the screen 
voltages. 

It is important that matched valves should never be run, even momentarily, at 
dissipations or ratings in excess of those recommended by the valve manufacturers 
as such treatment will render the valves unstable and destroy the matching. 
Effects of mismatching with Class A x triodes 

In Class Ai push-pull triodes, a considerable degree of mismatching between the 
valves is permissible without serious effects, provided that the valves are being oper- 
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ated under single valve conditions as regards grid bias. There will be only a slight 
effect on the maximum power output or the odd harmonic distortion, but there will 
be some second harmonic distortion and some out-of-balance flux-producing current 
in the transformer. The second harmonic distortion will normally be small, par- 
ticularly if the plate-to-plate load resistance is not much less than 4r v0 , and for most 
purposes it may be neglected with valves of ordinary tolerances. The maximum 
out-of-balance plate current should be provided for in the design of the output trans- 
former and this additional cost should be compared with the alternative additional 
cost of using valves which have been stabilized and matched for quiescent plate current 
only. There is normally no real need for matching for any other characteristic. 

In order to demonstrate the effects of abnormal mismatching, composite charac- 
teristics have been drawn in Fig. 13.41 for two valves of entirely different types. It 
has been shown by Sturley (Ref . E27) that the method of deriving composite charac- 
teristics also holds with mismatching. 

Type 2A3 45 

Amplification factor 4.2 3.5 

Mutual conductance 5250 2175 /xmhos 

Plate resistance 800 1610 ohms 

There is a difference of 12% in amplification factor, while there is a ratio exceeding 
2 : 1 for the other characteristics. The selected operating conditions are : E b — 250 
volts, E c = — 50 volts, R L = 5800 ohms (plate-to-plate). It will be seen that the 
composite characteristics (dashed lines) are not quite parallel, although they are very 
nearly straight. On account of the unmatched condition, rectification occurs, leading 
to a shift of the loadline, and the corrected loadline may be derived by the method 
of Sect. 2(ii)D and Fig. 13.7. The second harmonic distortion on the corrected load- 
line is only 5%. 
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Fig. 13,41. Composite characteristics for two different valves (2A3 and 45) in Class 
A x push-pull. E bb =250 volts, E c =-50 volts, R L = 5800 ohms plate-to-plate. 
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The fact that two valves so different in characteristics can be used in Class A x push- 
pull to give what is generally classed as good quality (5% second harmonic) indicates 
the wide latitude permissible, provided that the bias is retained at the value for a single 
valve and also that the load resistance is not much less than the sum of the single 
valve loads (or 4 times the average plate resistance). 

For Class Ax triodes it has been suggested (Ref. E8) that the following are reasonably 
satisfactory limits in conjunction with ordinary commercial tolerances for valves : 

Max. unbalance 
Signal input voltages on the grids of V x and V 2 : 5% 

Phase unbalance at high and low frequencies : 

Quadrature component = 3% 
These are easily achieved by attention to the phase splitter or other source (see Chapter 
12 Sect. 6). When testing for balance with a C.R.O. on the grids of V x and V u it is 
important to reverse the connections of the B.F.O. when changing from one grid to 
the other. 

(vi) Cathode bias 

In an accurately balanced push-pull Class A t amplifier there is no point in by- 
passing the common cathode bias resistor, since there is no fundamental signal current 
flowing through it. In Class A x amplifiers which are not accurately balanced, there 
will be some degeneration, and it is usual to by-pass the cathode bias resistor, al- 
though this is not essential. 

In Class AB X amplifiers it is essential to by-pass the cathode bias resistor. 

Provision may be made, with cathode bias, for balancing the plate currents provided 
that they do not differ too seriously. One excellent arrangement is incorporated in 
Fig. 7.44 which may be used, with the necessary adjustments in the values of the re- 
sistances, for triodes, pentodes or beam power amplifiers. 

The value of cathode bias resistance may be determined, in the same way as for a 
single valve, on the basis of the maximum signal total plate current and desired bias 
voltage. This will give the same performance as fixed bias, but it is necessary to check 
for plate dissipation at zero signal [for method see Sect. 2(ii)E]. If the dissipation 
at zero signal is too great, it will be necessary to increase the bias resistance. This 
will introduce a tendency to change from Class A x to AB^ which may be undesirable ; 
it may be minimized by the use of a bleed resistor to pass current from E bb to the 
cathode, and thence through the bias resistor, thus giving an approach towards fixed 
bias. Alternatively, the load resistance may be increased, thereby reducing the maxi- 
mum signal plate current and grid bias ; this will also reduce the power output. 

Cathode bias causes a smaller change in average plate current from no signal to 
maximum signal than fixed bias. This permits a poorer regulation power supply 
than may be used with fixed bias. However, the regulation and by-passing of the 
power supply also affect the minimum frequency which can be handled satisfactorily 
at full power output — see Sect. l(iv). 

Changes in effective gain occur in Class AB X amplifiers employing cathode bias, 
during heavy low frequency transients, which add to the distortion measured under 
steady conditions. 

(vii) Parasitics 

Parasitic oscillations in the plate circuit may occur with Class ABi operation when 
the plate current is cut off for an appreciable part of the cycle, as a result of the trans- 
former leakage inductance and the rapid rate of change of current at the cut-off point — 
see Sect. 5(i)C. They may usually be cured by the use of a RC network shunted 
across each half of the primary of the output transformer — see Sect. 7(i) — and, if 
necessary, by the use of a transformer with lower leakage inductance — see Chapter 5 
Sect. 3(iii)c. 

Parasitics in the grid circuit are not usually troublesome except when the valves 
are driven to the point of grid current flow. Grid stoppers up to 50 000 ohms are 
often used with both Class A and ABj operation to give a smoother overload without 
parasitics. 
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SECTION 6: PUSH-PULL PENTODES AND BEAM POWER 
AMPLIFIERS, CLASS A, AB X 

(:') Introduction («) Power output and distortion (iii) The effect of power supply 
regulation (iv) Mismatching (v) Average plate and screen currents (vi) Cathode 
bias (vii) Parasitics (viii) Phase inversion in the power stage (ix) Extended Class A 
(x) Partial triode (" ultra-linear ") operation. 

(i) Introduction 

Push-pull pentodes follow the same general principles as triodes (see Sect. 5) al- 
though there are some special features which will here be examined. Provision must 
be made for the supply of voltage to the screens, and for it to be maintained constant 
with respect to the cathode. For economy, the screens are often operated at the same 
voltage as the plates. If the screens are to be operated at a lower voltage, the alter- 
natives are the use of a separate power supply, or a low resistance voltage divider. 
The Mcintosh Amplifier may also be used for Class A or AB^ operation — see Sect. 8. 
Quiescent push-pull pentodes are covered in Sect. 7(vii). 

(ii) Power output and distortion 

Composite characteristics may be drawn as for triodes, on the assumption that the 
screen voltage is maintained constant, but they will not be straight (Fig. 13 42). The 
loadline will pass through the point (E b = E b b , I b = 0) and the two knees of the char- 
acteristics (e g = ± E cl ). 

In practice it is not necessary to draw the composite characteristics, if we are only 
interested in power output. In limiting Class A x or in AB X one valve reaches cut-off, 
so that the E cl = characteristic is the same as the e g characteristic. Even with 
ordinary Class A x the error due to the approximation is small. The loadline may 
therefore be drawn (AB in Fig. 13.43) and the plate-to-plate load resistance will be 
4 times that indicated by the slope of AB. With valves of the 6L6 class, the third 
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Fig. 13.42. Composite characteristics for push-pull Class A x beam power amplifiers 
type 6L6, E ib = 250 volts, E c2 = 250 volts, E cl = -15 volts. 
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FIG. 13.43 



Ed-O 



harmonic is so small that its effect on the power output may be neglected, so that 
P = lIUE bb - E min ) (1) 

which is the same as for triodes. With pentodes the power output will be somewhat 
higher than indicated by eqn. (1) owing to the third harmonic distortion. In general, 
the third harmonic distortion is slightly less 
than half that with a single valve, owing 
to the effect of the lower load resistance. 
If it is desired to calculate the harmonic 
distortion, it will be necessary to plot at 
least portion of the composite characteris- 
tics. 

The effect of a higher load resistance is 
to increase rapidly the odd harmonic dis- 
tortion, while the effect of a lower load re- 
sistance is to decrease the power output. It 
is therefore advisable, with a loudspeaker 
load, to adopt a nominal impedance rather 
less than the value for maximum power 
output. 

The power output of Class A push-pull 
pentodes is only slightly greater than 
twice that for a single valve. 




Fig, 13.43. Calculation of power 

output using E el = characteristic of 

one valve only. 



(iii) The effect of power supply regulation 

As with the case of a single valve the screen is more sensitive to voltage changes than 
the plate. If neither screen nor plate is being operated at its maximum rating, the 
simplest procedure is to adjust the voltages as desired for maximum signal and allow 
them to rise with no signal. Alternatively, if it is desired to obtain maximum power 
output, both screen and plate may be adjusted to their maximum ratings with no signal, 
and allowed to fall with increasing signal. If it is desired to calculate the maximum 
power output, the procedure for a single valve [Sect. 3(ix)] may be followed, except 
that in this case there is no loadline shift caused by rectification. 

The regulation of a common plate and screen power supply will not have a serious 
effect on the minimum frequency which can be handled satisfactorily at full power 
output with Class A push-pull operation, provided that a reasonably large by-pass 
capacitor is used. If separate plate and screen supplies are used the screen supply 
regulation is very much more important than the plate supply regulation, with Class A 
operation. 

With Class AB X operation, the regulation of both plate and screen supplies should 
be good. 

(iv) Matching and the effects of mismatching 

Matching is covered generally in Sect. 5(v). It is important to match the valves 
under the operating conditions in the amplifier. 

The effects of mismatching with pentodes are more serious than with triodes. If 
no care is taken in matching, or in the design of the output transformer, it is possible 
for the distortion to be higher than with two valves in parallel. The advantages of 
push-pull operation will only be obtained in proportion to the care taken to achieve 
correct balance, particularly with regard to the quiescent plate currents and the signal 
input voltages. As with triodes, Class AB X is more sensitive to mismatching than 
Class Aj. 

(v) Average plate and screen currents 

The average plate current for Class A 2 may be calculated approximately as for 
triodes [Sect. 5(iv), Eqn. 25]. In all other cases, the composite characteristics are 
required, following the same method as for triodes. 

The average screen current may be calculated by the same method as for single 
pentodes [Sect. 3(iii)E], 
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(vi) Cathode bias 

See Sect. 5(vi) as for push-pull triodes, except that the screen dissipation must also 
be checked. 

(vii) Parasitics 
See Sect. 5(vii) as for push-pull triodes, also Sect. 3(iii)H. 

(viii) Phase inversion in the power stage 

In the interests of economy, push-pull is sometimes used in the output stage without 
a prior phase inverter. All such methods — except the Cathamplifier— have inherently 
high distortion, and some have serious unbalance between the two input voltages. 

(A) Phase inverter principle (Fig. 13.44) 

The grid of V 2 is excited from the voltage divider R 3 Ri across the output of V x . 
R 3 + R t must be very much greater than the load resistance (say 50 000 ohms). 
i? 5 and R e are grid stoppers. All other components are normal. R k may be by- 
passed if desired. 



FIG. 13.44 




FIG. 13-45 




Fig. 13.44. Push-pull circuit using phase inversion in the power stage. 
Fig. 13.45. Push-pull circuit using screen resistance coupling from V x to the grid' of V 2 . 

The signal voltage on the grid of V 2 must first pass through V x where it is dis- 
torted, then through V 2 where it will be distorted again. Thus the second harmonic 
will be the same as for a single valve, and the third harmonic will be approximately 
twice the value with balanced push-pull. The balance, if adjusted for maximum 
signal, will not be correct for low volume, owing to the third harmonic " flattening." 
(B) Screen resistance coupling (Fig. 13.45) 

This is a modification of (A) being an attempt to obtain from the screen a more 
linear relationship than from the plate. No comparative measurements have been 
published. R 7 may be about 1500 ohms for type 6V6-GT or 2500 for type 6F6-G, 
with E b = E c2 = 250 volts — the exact value should be found experimentally ; C 3 
may be 0.002 y.¥. For better balance an equal screen resistor might be added for V 2 . 
Ref. E10. 



(C) Common cathode impedance (Fig. 
13.46) 

i?! and R 2 in series provide a common cath- 
ode coupling impedance [see Chapter 12 
Sect. 6(vi)]. R 2 may have a value of, say, 
1000 ohms to give an approach towards bal- 
ance, but necessarily must carry the plate cur- 
rents of both valves — -say, 70 or 80 mA — and 
will have a voltage of, say, 70 to 80 with a dis- 
sipation around 6 watts. Care should be 
taken to avoid exceeding the maximum heater- 
cathode voltage rating. 

See Reference E23. 



FIG. 13.46 




Fig. 13.46. Push-pull circuit with 
common cathode impedance coupling. 
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(D) The Parry " Cathamplifier " 

The basic circuit is Fig. 13.46A, the two cathodes being coupled by a centre-tapped 
a-f transformer, whose secondary winding excites the grid of V 2 . A theoretical 
analysis is given in Ref. E29, while some practical designs are in Ref. E30. 

T7 K 1 N * 1 + g m R/2 ^ ^ 

For balance, ^ + ^ = — j^ and N t = N 2 

where g m = mutual conductance of V 2 . 

Distortion is reduced by the factor T{2 T — 1) 
where T = N 3 /(N X + N 2 ). 

Note that T should normally be slightly greater than 1. 

Gain is reduced by the factor T(T — 0.5). 

The common cathode resistor R helps to reduce unbalance. 

In practice, R is made variable (say 100 ohms total) so as to permit the amplifier 
to be balanced experimentally. One method is to connect a valve voltmeter across 
R , and to adjust R for minimum reading. 

Instability may occur if R is too small. 

A modified circuit is Fig. 13.46B in which the centre-tapped primary of T x is not 
necessary. 

Fig. 13.46C permits both a.c. and d.c. balancing. 

Fig. 13.46D keeps the circulating screen current out of the cathode circuit and so 
maintains the ratio between plate and screen currents at the negative voltage peak 
swing. Resistors R x are to prevent coupling from cathode to cathode through the 
screen by-pass condensers ; their values should be low — say 100 to 250 ohms each. 
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Fig. 13.46A. Basic circuit of Parry Cathamplifier, (B) Modified circuit. (C) With 
both a.c. and d.c. balancing, (D) Keeps circulating screen current out of cathode circuit 

(Ref. £30). 
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(ix) Extended Class A 

Extended Class A is the name given to a push-pull amplifier using a triode and a 
pentode in parallel on each side. The amplifier operates entirely on the push-pull 
triodes at low levels, with the pentodes (or beam power amplifiers) cut off ; at high 
levels the output is mainly from the pentodes. Consequently there is some curvature 
in the linearity (" transfer ") characteristic at the transition point. The total dis- 
sipation is, however 3 only about one third of that of a Class A amplifier with the same 
maximum power output (Ref. E31). 

This principle might also possibly be applied to any Class AB or Class B amplifier 
merely to avoid current cut-off in the transformer and its resultant parasitics (Ref. 
El 3) unless one with very low leakage inductance is used. 

(x) Partial triode (" ultra-linear ") operation 

See page 570. 

SECTION 7 : CLASS B AMPLIFIERS AND DRIVERS 

(i) Introduction («) Power output and distortion — ideal conditions — Class B 2 
(Hi) Power output and distortion— practical conditions — Class B 2 (iv) Grid driving 
conditions (v) Design procedure for Class B 2 amplifiers (vi) Earthed-grid cathode 
coupled amplifiers (vii) Class B 1 amplifiers — quiescent push-pull. 

(i) Introduction 

A Class B amplifier is an amplifier in which the grid bias is approximately equal 
to the cut-off value, so that the plate current is approximately zero when no signal 
voltage is applied, and so that the plate current in a specific valve flows for approxi- 
mately one half of each cycle when an alternating signal voltage is applied. 

Class B amplifiers are in two main groups — firstly Class B 1 (otherwise known as 
quiescent push-pull, see below) in which no grid current is permitted to flow, secondly 
Class B 2 (generally abbreviated to Class B) in which grid current flows for at least 
part of the cycle. 

Class B 2 amplifiers have inherently high odd harmonic distortion, even when the 
utmost care is taken in design and adjustment. This distortion frequently has a maxi- 
mum value at quite a low power output, making this type of amplifier unsuitable for 
many applications. They are also comparatively expensive in that a driver valve and 
transformer together with two output valves form an integral part of the stage, and 
together give only the same order of sensitivity as a pentode. 

The one outstanding advantage of a Class B 2 amplifier is in the very high plate- 
circuit efficiency, although the current drawn by the driver stage should be included. 
The principal applications are in battery-operated amplifiers, public address systems 
and the like. 

The grid bias must be fixed (either battery or separate power supply) and special 
high-mu triodes have been produced to permit operation at zero bias to avoid the 
necessity for a bias supply. In the smaller sizes, twin triodes are commonly used. 
For the best results, accurate matching of the two valves is essential. If they are being 
operated at a negative bias it is possible to match their quiescent plate currents by 
adjusting the bias voltages separately. If the dynamic characteristics are not matched, 
a difference of 10% in the two plate currents, measured by d.c. milliammeters under 
operating conditions, will produce roughly 5% second harmonic distortion (Ref. E18). 
The matching of valves is covered in Sect. 5(v). 

Well regulated plate, screen (if any) and bias supplies (if any) are essential. 

The rate of change of current in each half of the output transformer at the plate 
current cut-off point is considerable, often resulting in parasitics 

Parasitics in the grid circuit may be eliminated by the use of a driver transformer 
having low leakage inductance [Chapter 5 Sect. 3(iii)a] and, if necessary, by connect- 
ing a small fixed condenser from each grid to cathode — a typical value is 0.0005 /xF — 
see (iv) below. 
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Parasitics in the plate circuit may be eliminated by the use of an output trans- 
former with low leakage inductance — see Chapter 5 Sect. 3(iii)c — together with a 
series resistance-capacitance network connected across each half of the primary or 
alternatively from plate to plate. 

Typical values for connection across each half of primary : 
Load resistance (p-p) 6000 10 000 12 000 ohms 

R 3300 5600 6800 ohms 

C 0.05 0.05 0.05 /*F 

Typical values for connection from plate to plate : 
Load resistance (p-p) 6000 10 000 12 000 ohms 

R 6800 12 000 15 000 ohms 

C 0.03 0.02 0.02 /xF 

Note— The Mcintosh Amplifier may also be used for Class B operation— see 
Sect 8(iii). 

(ii) Power output and distortion — ideal conditions — Class B 2 

(Circuit Fig. 13.31 ; characteristics Fig. 13.36.) 

If the input voltage is sinusoidal, the output transformer ideal, the plate charac- 
teristics equidistant straight lines, and the valves biased exactly to cut-off, the opera- 
ting conditions will be — 

Power output (total) : P = \I bm (E bb — E min ) (1) 

or P = \I b JR L = 2{E bb - E min y/R L (2) 

where I bm --= maximum (peak) plate current of either valve 

E„, in = minimum plate voltage of either valve 
and R L = load resistance plate-to-plate. 

Load resistance (plate-to-plate): R L = 4{E bb — E min )/I bm (3) 

Load resistance per valve : R L ' = i? L /4 = (E bb — E mi „)/I bm (4) 

Maximum power output is obtained when R L = 4r„ 

i.e. when E min = 0.5E bb 
where r v — plate resistance of one valve. 

Average plate current (each valve) : I b = I bm /ir za 0.318/ 6m (5) 

Power input from plate-supply: P b = 2E bb I b sy 0.637E bb I bm (6) 

Plate circuit efficiency: 17 = (1 - E min /E bb ) X 0.785 (7) 

Plate dissipation : P v = d.c. power input — power output 

= I bm {QA31E bb + 0.5E min ) (8) 

Power output in terms of plate dissipation and plate circuit efficiency : 

P = P vV /(l - i,) (9) 

The current in the secondary of the transformer will be sinusoidal, there being no 
distortion. The plate current in each valve will have the form of a rectified sine wave. 

The slope of the composite characteristic is half that for Class A operation, so that 
the slope of the composite plate resistance will be twice that for Class A. 

(iii) Power output and distortion — practical conditions — Class B 2 

The practical treatment is based on the use of the composite characteristics [Sect. 
5(ii)D]. If the valves are biased completely to cut-off, each half of the composite 
characteristic is identical with the individual valve characteristic, and a considerable 
degree of non-linearity occurs in the middle region (Fig. 13.47A). As a result, the 
greatest distortion of the loadline occurs with fairly small signals. For any particular 
characteristic there is one value of grid bias beyond which the distortion increases 
rapidly with increase of bias — there is a small quiescent plate current at this point 
(Fig. 13.47B). Even in this case the whole of the composite characteristic, except 
the small middle portion, is identical with the single valve characteristic. 

It is therefore practicable to calculate the power output from the characteristics 
of a single valve (e.g. Fig. 13.48). The power output as calculated by eqns. (1) and (2) 
is modified by the presence of harmonics and should be multiplied by the factor 

F = (1 + H, - H B + H 7 - H 9 + H u y (10) 

where H 3 = third harmonic distortion (i.e. Is/It), 
and Hf, = fifth harmonic distortion (i.e. I h /h), etc. 
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The various harmonics are unpredictable, but at maximum power output H 3 usually 
predominates, and a purely arbitrary approximation is to take 
F = (1 + 0.6H 3 y. 

Usual values of H 3 at maximum power output vary from 0.05 to 0.10, so that F 

varies from 1.06 to 1.12, a reasonable design value being 1.08. Thus, from eqn. (2), 

P en 0.135/ b JR L (11) 

Alternatively, the total power output may be calculated from a knowledge of the 
average and quiescent currents of one valve, with an error not exceeding 9% (see 
eqns. 12 and 13 below) — • 

P tv 2.47(7 b - 0.251 bQ yR L (12) 

The more accurate method is to use the composite characteristics (which are the 
same as the single valve characteristics of Fig. 13.48 over the range concerned) and 
to apply the " eleven selected ordinate method " [Sect. 3(iv)D] for the determination 
of power output and distortion. Although harmonics higher than the fifth are ap- 
preciable, it is difficult to calculate them graphically with any degree of accuracy. 





Fig. 13.47. Composite characteristics of Class B amplifiers (A) biased to cut-off 
(.B) biased to the point of minimum distortion. 

Fig. 13.48. Plate and grid characteristics of a typical small battery-operated Class B 

triode (1J6-G). 

The load resistance may be calculated by eqn. (3) or (4). 

Maximum power output is usually achieved when the slope of the loadline is 
numerically equal to the slope of the individual valve characteristic corresponding to 
the peak grid voltage, at its point of intersection with the loadline. A different load- 
line is usually necessary for each value of peak grid voltage. Each loadline should be 
checked for peak current, average current, plate dissipation and grid driving power. 

When any loadline has been established as permissible, a higher load resistance may 
be used with perfect safety without any further checking. This will require less grid 
driving power, and will draw less plate current, but will give a lower power output ; 
the distortion will be roughly unchanged, and the plate circuit efficiency will be higher. 

The average plate current may be calculated by the accurate method of Sect. 
5(iv) and eqn. (26). Alternatively, with an accuracy within 3% for third harmonic 
not exceeding 10% (Ref. Ell)— 
(for each valve) I b & 0.318/ 6nt + 0.25/ 60 (13) 

Eqn. (13) may also be put into the form — ■ 

I bm & 3.14/ 6 - 0.785/ 60 (14) 

The average power input from the plate supply is given by 

P b = 2E bb I b & E bb (0.637I bm + 0.5/ 60 ). ' (15) 

Plate circuit efficiency : 17 = P /2E bb I b (16) 

[Usual values of plate circuit efficiency are from 50% to 60%.] 
Plate dissipation : P v ^ E bb (0.637I bm + 0.5/ b0 ) - P (17) 

With a plate circuit efficiency of 60%, the power output is 1.5 times the total plate 
dissipation, whereas with Glass A operation and a plate circuit efficiency of 25%, the 
power output is 0.25 times the plate dissipation. Thus, if in both cases the plate 
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FIG. 13.49 



dissipation is the only limiting factor, six times more output may be obtained from the 
same valves in Class B than in Class A. 

(iv) Grid driving conditions 

Grid current characteristics are provided for use with valves suitable for Class B 
amplification (e.g. Fig. 13.48). It is usual practice to select a likely peak positive 
grid characteristic and loadline, then to calculate the grid driving power and power 
output. This may be repeated for several 
other loadlines, and the final choice will 
be made after considering all the relevant 
features. 

In the case of a particular loadline such as 
AB in Fig. 13.48, the peak grid current may 
be determined by noting the intersection of 
the vertical through A and the grid current 
curve (shown with a broken line) corres- 
ponding to the E c characteristic which 
passes through A. This is shown in Fig. 
13.49 where — E e indicates the fixed grid 
bias and the positive grid current com- 
mences to flow at approximately E e — 0. 
The peak grid current is I„ m and the peak 
signal grid voltage is E gm , corresponding to 
a positive grid bias voltage E cm . The peak grid input power is then given by 

* am = ^•am^nm \*°) 

and the minimum grid input resistance is given by 




Fig. 13.49. Typical grid mutual char- 
acteristic illustrating Class B operating 
conditions. 



' ^gm/^t 



(19) 



[Note : The minimum variational grid resistance is derived from the slope of the 
/„ curve — it is always less than r„ min .] 

The driver valve has to supply this peak power, plus transformer losses, into a half- 
secondary load varying from infinity at low input levels to r gmin at the maximum 
input. The basic driver circuit is shown in Fig. 13.50A, where V x is the driver valve 
and T x the step-down transformer with a primary to half-secondary turns ratio NJNi. 
In practice, the transformer has losses, and it may be represented by the equivalent 
circuit Fig. 5.9 (omitting C\y). 

The efficiency is usually calculated (or measured) at 400 c/s where r lt r 2 and R 
are the principal causes of loss. An efficiency of from 70 to 80% at peak power is 
typical of good practice. The voltage applied to the grid of V z , provided that the 
iron losses are small, is approximately [Chapter 5 Sect. 2(ii)]. 

E s2 t*s E^NM) (20) 

where 17 = percentage efficiency -4- 100, 
and E„ = voltage applied across primary. 

The load presented to V l is roughly as calculated for an ideal transformer [Chapter 5 
Sect. 2(H)] driving the same grid. 

At high audio frequencies, the effects of L x and L 2 (Fig. 5.9) become appreciable, 
causing an additional loss of voltage during the time of grid current flow, and a tend- 
ency towards instability. The instability is brought about by a negative input re- 
sistance which some valves possess over a portion of the grid characteristic [Chapter 2 
Sect. 2(iii)]. It is therefore important to reduce the leakage inductance of the trans- 
former to the lowest possible value. Fortunately the bad effects of any remaining 
leakage inductance may be minimized by connecting a small condenser across each 
half of the secondary so as to resonate at a frequency about 1 .5 times the highest fre- 
quency to be amplified (Ref. E18). The condenser and leakage inductance form a 
half-section of a simple two-element constant k type low-pass filter [Chapter 4 Sect. 
8(vii)]. 
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At low audio frequencies the primary inductance L causes loss of gain as with any 
a-f transformer. It should be designed for an unloaded secondary (Chapter 5 Sect. 3) 
because it is unloaded for part of the cycle. Secondary loading resistances should be 
avoided with Class A triode drivers (Refs. El 7, El 8). 

In order to avoid excessive distortion due to the non-linear grid current characteris- 
tic, the effective impedance looking backwards from the grid-cathode terminals 
towards the driver, must be small compared with the effective input impedance of 
the valve. The " looking backwards " impedance has as its components (Fig. 5.9) : 
" Driver resistance " R' = r 2 + {NJN^ir^ + r ± ) (21) 

"Driver inductance" L' = L 2 + (N^/Ni) 2 ^ (22) 



It is usual to restrict the driver resistance R' to a value less than 0.2 r„ 



for the 



most favourable conditions with high-mu valves and with limited grid drive, where 
f gmin does not differ seriously from the minimum variational grid resistance ; in other 
cases it should be less than one fifth of the minimum variational grid resistance (Refs. 
E2, E12). For minimum distortion, R' should be made as low as practicable. Hence 
the transformer usually has a step-down ratio from primary to half-secondary. 

The " driver inductance," if large and uncompensated, produces an effect like a 
faint high pitched hiss or scratch that rises and falls with the signal (Ref. El 8). 

The effect of the varying load resistance on the driver valve is shown by the curved 
loadline in Fig. 13.50B. The horizontal portion corresponds to the conditions 
without grid current flow, while the slope at any other point corresponds to the 
variational grid resistance at that point. The broken lineioming the two extremities 
has a slope corresponding to a resistance of r ! ,min(Ni/N'j S ) 2 > this should not be less 
than %r vl . The driver vaive should preferably be operated near its maximum rated 
plate voltage and dissipation. 




FIG. 13.50A 

Fig. 13.50A. Fundamental driver 

and Class B {or AE) amplifier 

circuit. 



Fig. 13.50B. Loadline on a typical 
triode driver. 



As the output valves are driven harder, the driver valve is called upon to provide 
increased power into a decreased minimum grid resistance ; this necessitates a greater 
step-down ratio in the transformer. The extreme limit is when the " diode line " 
is reached. As a guide which may be used for a first trial, the minimum plate volt- 
age may be taken as twice the " diode line " voltage at the peak current level. The 
diode line is shown in many characteristic curves, and is the envelope of the character- 
istics — it is the line where the grid loses control, in other words the minimum plate 
voltage for any specified plate current no matter how positive the grid may be. 

The cathode follower makes an excellent driver for all forms of amplifiers drawing 
grid current, having very low effective plate resistance and low distortion — see Chapter 
7 Sect. 2(i). 

A cathode follower has been applied as a transformerless driver, one 6SN7-GT twin 
triode being used as a push-pull driver to the grids of two 6L6 valves giving an output 
of 47 watts (Ref. E22). However, this is not usually the most efficient arrangement — 
see Chapter 7 Sect. l(ii). 
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(v) Design procedure for Class B 2 amplifiers 

The major difficulty is in keeping the electrode voltages stabilized. 
The following procedure applies to the case where the voltages are stabilized and the 
plate voltage and desired power output are known. 

1. Assume a value of plate-to-plate load resistance R L . Draw a loadline with a 
slope corresponding to R L /4 on the characteristics for one valve, through the point 
E b = E bbi I b = 0. 

2. Select a value of grid bias to give the minimum distortion of the composite 
characteristic (Fig. 13.47). 

3. Determine the quiescent plate current J b0 of one valve. 

4. Calculate the peak plate current from the approximation : 

I bm & VtAPJRl (23) 

5. Calculate the average power input from the plate supply, using eqn. (15). 

6. Calculate the plate dissipation from equation (17). 

7. Check the plate dissipation and the peak plate current to see that they do not 
exceed the maximum ratings. 

8. Determine the maximum positive grid voltage E em from the loadline and I bm . 

9. Determine the peak grid current I gm corresponding to extreme point of the 
loadline. 

10. Calculate the peak signal grid voltage : E gm - E em + E c . 

11. Calculate the peak grid input power : P gm = E gm I gm . 

12. Calculate the minimum input resistance : r gmin = E gm /I gm . 

13. Repeat steps 1 to 12 for several other values of R L and select what appears to 
be the best compromise, with a view to the lowest driving power 

14. Assume a reasonable peak power transformer efficiency — say 70%. This value 
is used in the following step. 

15. Select a driver valve with a maximum power output at least 0.9P gm under 
typical operating conditions (this makes allowance for the higher load resistance). 

16. Select a driver load resistance twice the typical value or at least four times the 
plate resistance. 

17. Draw the assumed (straight) driver loadline on the driver plate characteristics 
and determine the maximum available peak signal voltage E pm . 

18. Determine the transformer ratio from primary to half-secondary : 
Ni/N a = yE pm /E em . 

19. Calculate the " driver resistance " from eqn. (21) using values for r t and r 2 
indicated* from similar transformers. These resistances are usually less than 1900 
and 350 ohms respectively for 10 watt amplifiers, or 2700 and 500 ohms respectively 
for low power battery amplifiers. 

20. Check the " driver resistance " to see that it is less than 0.2r gmin for high-mu 
valves or 0.lr gmi „ for other cases (this assumes that r gmin is approximately twice the 
minimum variational grid resistance). 

♦Alternatively the driver transformer may be tentatively assumed to have 10% 
primary and 10% secondary copper losses, and 10% iron losses. On this basis, 
r a = r gmin p and r x tsa r gM<l ,(W 1 , /W f I )/9. 

(vi) Earthed-grid cathode-coupled amplifiers 

A cathode-coupled output stage, with earthed grids, has the advantages of a much 
more nearly constant input resistance than a Class B stage, but it requires more driver 
power for the same output. It is more suited to high-power amplifiers or modulators 
than to conventional a-f amplifiers (Ref. El 5). The increase in plate resistance due 
to feedback is disadvantageous. 

(vii) Class B t amplifiers — Quiescent push-pull 

Class B x amplifiers do not draw any grid current whatever, but in other respects 
resemble Class B 2 amplifiers. Either triodes or pentodes may be used, the latter being 
more popular — they are used as " quiescent push-pull pentodes " in battery receivers. 
The two valves (or units) must be very accurately matched, and an adjustable screen 
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voltage is desirable. A high-ratio step-up input transformer is used to supply the 
high peak signal voltage, nearly equal to the cut-off bias. Both the input and output 
transformers should have low capacitance and leakage inductance. The output trans- 
former should have its half-primary inductance, and its leakage inductance, accurately 
balanced. Condensers (0.002 to 0.005 /*F) are usually connected across each half 
primary (Ref. E4). 



SECTION 8 : CLASS AB 2 AMPLIFIERS 

(i) Introduction {ii) Bias and screen stabilized Class AB 2 amplifier {Hi) Mcintosh 
amplifier. 

(i) Introduction 

Class AB 2 amplifiers closely resemble Class B 2 amplifiers, but the valves are biased 
as for Class AB X operation. Consequently they are less critical with regard to match- 
ing, and the distortion which occurs in the plate circuit is much the'same as for Class 
ABx. The plate circuit efficiency is intermediate between Class AB^ and B 2 operation 
— typical values for triodes are from 40 to 48%. The variation in plate current from 
zero to maximum signal is less than with Class B operation, being of the order of 1 : 2. 

The matching of valves is covered in Sect. 5(v). 

Pentodes and beam power amplifiers may be used quite successfully in Class AB 2 
operation. 

Fixed bias is essential. 

Type 6L6 or 807 beam power amplifiers may be used in Class AB 2 with plate circuit 
efficiencies of about 65% (or 61% including screen losses). The peak grid input 
power does not exceed 0.27 watt for power outputs from 30 to 80 watts. The total 
harmonic distortion under ideal laboratory conditions is 2% at maximum signal and 
less than 2% at all lower output levels (this assumes a low-distortion driver stage). 

Well regulated plate, screen and bias power supplies are essential. 

Parasitics in plate and grid circuits — see Sect. 7(i). 

References E20, E21. 

(ii) Bias and screen stabilized Class AB 2 amplifier (Ref. E26) 

Fig. 13.50C gives a circuit with 807 valves operated in Class AB 2 with stabilization 
of the bias and screen supply provided by the driver valve. Two high tension sources 
are used, obtained from separate windings on the power transformer, and neither 

needs good regulation, so that condenser 
input filters can be used. 

The circuit offers three types of com- 
pensation, the combined effect being to 
allow the output valves to draw a 
minimum of plate current in the no 
signal condition, although still being 
capable of delivering an output of 60 
watts for small distortion. The three 
types of compensation are 

(a) As the 807 plate voltage falls, due 
_ to increasing plate current with signal 
[■=■ input, the screen voltage is increased 
f |_ and the bias reduced. 



FIG. I3.SOC 




Fig. 13.50C. Class AB 2 amplifier with 

stabilized bias and screen voltages 

{Ref. E26). 



(b) When the 807's are driven into 
grid current their bias is increased due 
to the current in the 500 ohm resistor 
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/?!• This is minimized by a d.c. negative feedback circuit giving several times reduction 
of the effect, and is offset by a corresponding increase in 807 screen voltage, 

(c) Any tendency for the 807 screen voltage to fall and for the bias voltage to increase 
with rising 807 screen current due to signal input is minimized by the same negative 
feedback circuit. 

Referring to Fig. 13.50C, the voltage divider from the positive side of the 600 volt 
supply to the negative side of the 300 volt supply has values to provide a suitable bias 
for the triode-operated 6V6 so that it draws about 45 mA with a standing plate voltage 
of 250 V. A decrease in the 807 plate voltage causes the 6V6 grid to become more 
negative, decreasing its plate current which also flows through R % and so decreases 
the 807 bias. The low voltage power supply is deliberately given poor regulation 
with resistive filtering so that the decrease in 6V6 plate current appreciably increases 
its plate voltage and thus the 807 screen voltage. 

The 807 grid current at large output levels increases the negative potential at C 
and also at A and B and thus increases the 6V6 bias. This reduces the 6V6 plate 
current which makes point C less negative and minimizes the increase in 807 bias, 
and at the same time increases the 807 screen voltage thus off-setting the bias increase. 

The 807 screen current rises with increasing signal input and this tends to decrease 
the screen voltage and increase the 807 bias. However the increased bias is also 
applied to the 6V6, reducing its plate current and thus tending to restore the 807 bias 
and screen voltages to their original values. 

Between no output and full output the 6V6 plate current falls from 45 mA to 25 mA 
but the valve is still well able to provide the small power required to drive the 807's. 

An additional feature of the circuit is that a very large input reduces the ability of 
the driver to overload the output valves, and after full output is reached very effective 
limiting is provided. 

(iii) Mcintosh Amplifier (Ref. E28) 

With any push-pull amplifier in which each valve is cut-off during portion of the 
cycle, some form of quasi-transient distortion tends to occur at a point in each cycle 
at the higher audio frequencies (Ref. E13). This distortion is caused by the leakage 
reactance of the primary of the output transformer, which cannot be reduced suffici- 
ently by conventional transformer design technique. A completely new approach to 
the problem is made by the Mcintosh amplifier which incorporates special types of 
driver transformer and output transformer, together with many other novel features. 
The basic principles are indicated in Fig. 13.50D in which both driver transformer 
T x and output transformer T 2 have two windings wound together in a bifilar manner 
so that the coupling between them is almost unity. It is claimed that it is practicable 
to wind coils with a ratio of primary inductance to leakage inductance better than 
200 000 to 1, whereas conventional transformers do not nearly reach the minimum 
requirement (for low distortion) of 80 000 to 1 . This type of transformer is cheaper 

to wind than a sectionalized winding as 
used in conventional high quality trans- 
formers. 

Each output valve works into two 
primary sections, one in its plate circuit 
and the other in its cathode circuit, but 
these have practically unity coupling. 
The effective number of primary turns 
for each valve is equal to the total turns 
for each of the bifilar windings. The 
output transformer should therefore be 
designed to have a total impedance on 
each of its primaries equal to one quar- 
ter of the plate-to-plate load impedance. 




BIFILAR WINDINGS 



Fig. 13.50D. Basic 

Mcintosh Amplifier (Ref. E28) 



FIG. 13. SOD 

principles of 



In the case of the amplifier of Fig. 
13.50E the plate-to-plate load imped- 
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Fig. 13.50E. Circuit diagram of complete 50 watt Mcintosh Amplifier (Ref. £28). 

ance is 4000 ohms and the total impedance of each primary winding is 1000 ohms ; the 
impedance from each cathode to earth is only 250 ohms. These low impedances 
reduce the effects of capacitive shunting and thereby improve the high frequency 
performance. 

The voltage from each screen to cathode is maintained constant by the unity coupling 
between the two halves of the bifilar windings, no screen by-pass capacitor being re- 
quired. This arrangement, however, has the limitation that it can only be used for 
equal plate and screen voltages. 

The driver transformer 7\ makes use of the same bifilar winding method adopted 
in the output transformer. The primary impedance in this design is above 100 000 
ohms from 20 to 30 000 c/s, while the response of the whole transformer is within 
0.1 db from 18 to 30 000 c/s. These high performances are made necessary by the 
inclusion of this transformer in the second feedback path of the whole amplifier. 

The method of loading the output stage, with half the load in the plate and half in 
the cathode circuit, provides negative feedback as a half-way step towards a cathode 
follower. Additional feedback is achieved by connecting suitable resistors between 
the cathodes of the output valves and the cathodes of the phase inverter stage. The 
complete amplifier (Fig. 13.50E) has a typical harmonic distortion of 0.2% from 50 
to 10 000 c/s, rising to 0.5% at 20 c/s and 0.35% at 20 000 c/s, at an output level of 
50 watts. The frequency response under the same conditions, measured on the sec- 
ondary of the transformer, is level from 20 to 30 000 c/s, — 0.4 db at 10 c/s and 
— 0.3 db at 50 000 c/s. The phase shift is zero from 50 to 20 000 c/s, — 10° at 
20 c/s and + 4° at 50 000 c/s. 
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The output resistance is one tenth of the load resistance, thus giving good damping 
and regulation 

These same principles may be applied to any type of push-pull output whether triode 
or pentode, with any class of operation, A, AB la AB 2 or B. 

The high power output of the Mcintosh amplifier as described above is due to the 
operation of the screens at voltages greater than 400 volts, which is very considerably 
in excess of the maximum rating of 270 volts (design centre) for type 6L6 or 300 volts 
(absolute) for type 807. It is unfortunate that the Mcintosh amplifier is limited to 
operation with equal plate and screen voltages, but these should always be within the 
maximum ratings for the particular valve type. 

See also Refs. E31, Gl. 

The principle of combined plate and cathode loading is applied in some high- 
fidelity Class A amplifiers, e.g. Acoustical QUAD, Refs. H4, H6. 

SECTION 9: CATHODE-FOLLOWER POWER AMPLIFIERS 

The principles of cathode followers have been covered in Chapter 7 Sect. 2(i). 
A cathode follower may be used either as driver for a Class B or AB 2 stage, or as the 
output stage itself. 

A cathode follower forms almost an ideal driver stage, having very low plate re- 
sistance and distortion, although it requires a high input voltage. It is commonly 
used, either singly or in push-pull, in high power a-f amplifiers where the distortion 
must be reduced as much as possible. If parallel-feed is used, the hum is reduced 
by the factor l/(n + 1) ; see Chapter 7 Sect. 2(ix) Case 4. A cathode follower driver 
stabilizes the a-f signal voltage, but does not stabilize the grid bias. 

Cathode follower output stages introduce serious problems, and are not suitable 
for general use, even though their low plate resistance and low distortion appear at- 
tractive. The difficulty is in the high input voltage which is beyond the capabilities 
of a resistance-coupled stage operating on the same plate supply voltage. Two 
methods are practicable, either a step-up transformer in the plate circuit of a general 
purpose triode, or a resistance-coupled amplifier with a plate supply voltage about 
3 times the plate-cathode voltage of the cathode follower. In order to take advantage 
of the low distortion of the cathode follower, the preceding stage should also have 
low distortion. A general purpose triode is to be preferred to a pentode or high-mu 
triode with resistance coupling, and it may have an unbypassed cathode resistor. 

One practical amplifier which has been described in the literature (Ref. F3) uses 
700 volts supply voltage to the 6SN7 penultimate stage and eight 6V6-GT valves in 
push-pull parallel operation in the cathode follower output stage. Negative feedback 
is used from the secondary of the output transformer, and the damping on the loud- 
speaker is as high as practicable. However, the total harmonic distortion at 50 c/s 
is over 1% at 8 watts output, and 1 .7% at 20 watts. The high output voltage which 
must be delivered by the resistance-coupled penultimate stage thus shows its effect 
on the distortion, even though the plate supply voltage has been increased to a dan- 
gerously high value. 

SECTION 10 : SPECIAL FEATURES 

(i) Grid circuit resistance (it) Grid bias sources (Hi) Miller Effect (iv) 26 volt 
operation (v) Hum. 

(i) Grid circuit resistance 

A maximum value of grid circuit resistance is usually specified by the valve manu- 
facturer, a higher value being usually permitted with cathode (self) bias than with 
fixed bias. The reason for the latter is that cathode bias provides increased bias as 
the plate current rises, and so gives a degree of protection against " creeping " plate 
current. This effect is due to the combined gas and grid emission currents which 
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flow through the grid-cathode circuit — see Chapter 2 Sect. 2(iii), also Chapter 3 
Sect. l(v)d, and Chapter 12 Sect. 2(iii)E, (iv)B, (iv)C, (iv)D ; Sect. 3(iv)C, (v). 
Typical values (e.g. type 6V6-GT) are : 
With cathode bias 0.5 megohm (maximum) 

With fixed bias 0.1 megohm (maximum). 

If the heater is operated, even for limited periods, more than 10% above its average 
rated voltage, the grid circuit resistance must be reduced considerably ; this holds in 
automobile receivers. 

If partial self-bias operation (" back bias ") is used, the maximum value of grid 
circuit resistance may be found from the relation : 

R gm = R at + P(R S s - R B t) (l) 

where R gf = max. grid circuit resistance (fixed bias) 

R gt = max. grid circuit resistance (self bias) 
and P = ratio of cathode current in output valve to the total current flowing 
through the bias resistor. 
In cases where the maximum value of grid resistance for a particular application 
is not specified, the procedure of Chapter 3 Sect. l(v)d should be followed, using 
eqn. (6) for pentodes or tetrodes, or eqn. (7) for triodes. The value of maximum 
reverse grid current (AI cl ) should be obtained from the specifications or from the valve 
manufacturer ; failing this, a value of 2/*A may be tentatively assumed for valves of 
the 6F6, 6V6 class, and 4/j.A for valves having higher cathode currents. 

If either the value of R gl for cathode bias, or that for fixed bias is specified, the value 
for the other may be calculated from Chapter 3 Sect. I eqns. (8) to (13). 

(ii) Grid bias sources 

Fixed bias is normally obtained from a separate power source with rectifier, filter 
and load resistance. A typical circuit is Fig. 13.51 in which V x is the usual rectifier, 
V 2 is the bias rectifier and R 4 the bias load resistance. V 2 may be any half-wave 
indirectiy-heated rectifier ; if the V 2 heater is operated from a common heater winding, 
V 2 should be a type capable of withstanding a high voltage between heater and cathode. 
Alternatively a shunt diode may be used (see Chapter 30 Sect. 6). If the output stage 
draws positive grid current, as in Class AB 2 or overloaded Class A operation, the grid 
current flowing through the bias load resistance increases the bias voltage. It is 
therefore advisable to design this to be as low as practicable. The effect of negative 
grid current on the bias is usually negligible. 



Fig. 13.51. Method of obtaining fixed bias 
using half of the transformer secondary 
{plate) winding. Typical values of resistors 
are : R 1 = 2500, i? 2 = 25 000, R 3 = 
15 000, R 4 = 3000 ohms ; C x = 8mF, 
C 2 = 16 [J.F, C 3 = C 4 = 50 nF. Alternatively 
R 2 may be replaced by a choke. 



Voltage stabilized grid bias supplies are sometimes used (see Chapter 33). 

It is sometimes convenient to have two plate voltage supplies, one to provide for 
the plates of the output stage only, the other for the earlier stages together with the 
screens of the output stage and grid bias. The second supply is loaded by a heavy 
current voltage divider (say 150 mA total drain) tapped near the negative end and the 
tapping connected to the cathodes of the output stage ; one section provides grid bias, 
and the other section provides the positive potentials. 

Back bias is intermediate between cathode bias and fixed bias, so far as its con- 
stancy is concerned. With this arrangement, the whole return current of a receiver 
or amplifier is passed through a resistor between the cathodes (which are generally 
earthed) and — E bl> (Fig. 13.52). The value of R ± is given by E el /I where E cl is 
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Fig. 13.52. 



Circuit of portion of a receiver vising back bias. 
V% is the rectifier. 



V x is the power amplifier, 



the bias required by V x and / is the total current passed through R^ Bias for earlier 
stages is obtainable from a tapping or tappings on R t . A hum filter is necessary for 
each separate bias system. TNote that the curved plate of an electrolytic condenser 
represents the negative terminal ; while on a paper condenser the curved plate re- 
presents the outside electrode.] Back bias works best in large receivers where the 
total current is much greater than the cathode current of the power amplifier. 

An alternative form having fewer components is shown in Fig. 13.53. Here the 
field coil is in the place of R x in Fig. 13.52. The bias on V 1 is equal to the voltage 
drop across the field coil multiplied by Ri/(R 2 + 0.5 megohm). The filtering in 
this circuit is not so complete as in Fig. 13.52. 
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Fig. 



13.53. Alternative form of back bias, with the speaker field coil 
in the negative lead. 



(iii) Miller Effect 

The Miller Effect has been introduced in Chapter 12 Sect. 2(xi). If the output 
valve is type 6V6-GT under typical operating conditions, A = 17 and C g]> = 0.7 mxF, 
then the additional input capacitance, due to C gp alone, with a resistive load is 18 X 
0.7 = 12.6 /nju.F. If the valve is a triode the effect is more pronounced. For example, 
with type 2A3 under typical operating conditions A — - 2.9 and C gv = 16.5 /i/xF ; 
the additional input capacitance is 3.9 x 16.5 = 64 fi/xF. 

(iv) 26 volt operation 

Standard power valves give very limited power output with plate and screen both 
at 26 or 28 volts. Special types (e.g. 28D7) have been developed to give higher power 
output under these conditions. 
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(v) Hum from plate and screen supplies 

The hum of amplifiers with and without feedback is covered in Chapter 7 Sect. 
2(ix)C. 

Power amplifiers not using feedback are here summarized briefly, using the con- 
ditions for types 2A3 and 6V6 as in Chapter 7. 

Triode with (a) conventional output transformer — 
Relative hum voltage = 0.85 
(b) parallel feed (series inductor) — 
Relative hum voltage = 0.024 

Pentode with conventional output transformer 

and (a) common plate and screen supplies- 
Relative hum voltage = 2.05 
(b) screen perfectly filtered — 

Relative hum voltage = 0.09 

Pentode with parallel feed (series inductor) 

(a) common plate and screen supplies 

Relative hum voltage = 1.78 

(b) screen perfectly filtered 

Relative hum voltage = 0.179 
See also Chapter 31 Sect."4(ii) — Effect of the output valve on hum originating in 
the plate supply voltage. 



SECTION 11 : COMPLETE AMPLIFIERS 

(i) Introduction (it) Design procedure and examples (Hi) Loudspeaker load. 

(i) Introduction 

While every amplifier must be built up of individual stages, the purpose of the design 
is to produce a complete amplifier having specified characteristics in regard to over- 
all gain, maximum power output, frequency range, output resistance, distortion, hum, 
noise level and special features such as overload characteristics and tone control. 
A designer's job is to produce the required results at the minimum cost within any 
limitations imposed by space or by the availability of valve types. 

(ii) Design procedure and examples 

The correct procedure is to commence with the loudspeaker, and then to work back- 
wards through the amplifier. For example, after investigation of the loudspeaker and 
speaker transformer efficiency (see Chapter 20 Sect. 6) it should be possible to esti- 
mate the maximum power output required from the output valve(s). Then the output 
valve(s) should be selected allowing for the possible use of feedback. Then the 
preceding stage should be designed to work into the known following grid resistor 
and effective input capacitance with a satisfactory frequency response and distortion 
level. Finally, the input stage should be designed to give the required hum and noise 
performance. If, after a first calculation, the overall gain is too high, it may be reduced 
by one of many expedients such as increasing (or adding) negative feedback on the 
output stage, removing a cathode by-pass, changing a voltage amplifier stage from 
pentode to triode operation, or changing one or more valves to a lower gain type. 
In large amplifiers a pre-set second volume control may be used, to be adjusted in the 
laboratory. 

The following information is a general guide in the design of typical amplifiers 
A = public address (speech) 
B = typical radio receiver (a-f amplifier only) 
C = good quality radio receiver or amplifier 
D = high fidelity receiver or amplifier 



A 


B 


C 


D 


200-5 000 


100-5 000 


50-10 000 


40-15 000 c/s 


3 


3 


2 


1 db 


10 


10 


2 


<1 % 


— 


— 


<R L /2 


<R L /m 


— 


-25 


-25 


-30 dbm 


— - 


-15 to -30 


-35 to -40 


— 40 to— 45dbm 
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Performance applies to amplifier only (resistance load). 
Category 
Frequency range 
Attenuation at limits 
Total harmonic distortion* 
Output resistance 
Noise levelf 
Hum level (120 c/s) ** 
Intermodulation distortion* — 

r.m.s. sum (voltage ratio 4 : 1) 40 40 8 <4 % 

*at maximum power output. 

**For 3% loudspeaker efficiency. In all cases the hum should not be audible 
under listening conditions. See Chapter 31 Sect. 4(iii) for hum. 

fFor room volume 3000 cubic feet, 3% loudspeaker efficiency — see Chapter 14 
Sect. 7(v). For measurement of noise see Chapter 19 Sect. 6. 

JOr as required to give the desired degree of damping at the bass resonant 
frequency. 

See also Chapter 14 Sect. 12(i) for high fidelity. 

With careful design and the use of negative feedback it is possible to make the total 
harmonic distortion of the amplifier less than 0.1 % and the intermodulation distortion 
less than 0.5%. This has been achieved in the circuit of Fig. 7.44 and in the William- 
son amplifier on which it is based (the new version of the Williamson amplifier is 
given in Figs. 17.35 B, C, D, E, F, G\ also in the Leak amplifier. See Refs. Fl, 
F4, F5, H4 3 H15, H16. 
An example of category C is given in Figs. 7.42 and 7.43. 

Undoubtedly one of the best and most versatile single-ended amplifiers incorporat- 
ing negative feedback (and, if desired, also tone control) is the circuit Fig. 7.33. The 
feedback should be as high as permissible, being usually limited by the sensitivity 
required by a pickup. The only serious limitation is that V x cannot be a combined 
second detector and amplifier. 

The Lincoln Walsh amplifier with automatic bias control (E24, E25) is quoted 
as having intermodulation distortion of 0.2% at 5 watts, 0.6% at 10 watts and 1.7% 
at 25 watts, the power in each case being the low frequency power only (50 c/s). The 
valves used in this amplifier are type &B4-G (similar to 2A3). 

The Mcintosh 50 watt Class AB 2 amplifier (Fig. 13.50E) has harmonic dis- 
tortion less than 0.5% from 20 to 30 000 c/s, with exceptionally flat frequency res- 
ponse and low phase shift — see Sect. 8(iii). 

References to complete amplifiers : Refs. (F) and (H). 
(iii) Loudspeaker load 

Most amplifiers are designed to work into a constant resistive load, whereas a loud- 
speaker presents a far from constant impedance which is largely inductive or capacitive 
at almost all frequencies within its range. This feature is covered from the loud- 
speaker angle in Chapter 20 Sects. 1, 2 and 7. See also Sect. 2(iv) for triodes and 
Sect. 3(viii) for pentodes. 

A simple 2 stage amplifier with a triode output stage is shown in Fig. 13.54, to- 
gether with the fundamental, second, third and fourth harmonics (see Chapter 20 for 
comments). An obvious conclusion is that all amplifiers should be tested for output 
and distortion while delivering full power into a loudspeaker load. While highly 
desirable, this requires a large sound-proof room for all except low levels. An alter- 
native which is highly recommended is to construct a dummy load which has the same 
impedance as the loudspeaker at 400 c/s, at 10 000 c/s, and at the bass resonant 
frequency, based on the circuit of Fig. 20.3. The value of (R + R r ) in Fig. 20.3 
should be equal to the measured value of the working impedance of the loudspeaker 
at the bass resonant frequency as described in Chapter 20 Sect. 2(iv\ 
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Fig. 13,54. Harmonic distortion of amplifier having type 6J7 pentode coupled to 2A3 
triode loaded by a loudspeaker on a flat baffle. The distortion was measured by a wave 
analyser connected across the voice coil. The bass resonance frequency is l5c/s. 



SECTION 12 i REFERENCES 

(A) REFERENCES TO OPTIMUM LOAD RESISTANCE AND DISTORTION 

Ai. Brain, B. C» "Output characteristics of thermionic amplifiers" W.E. 6.66 (March 1929) 119. 
A2. Notthingharn, W. B. " Optimum conditions for maximum power in Class A amplifiers " Proc. 

I.R.E. 29.12 (Dec. 1941) 620. 
A3. Editorial " Optimum conditions in Class A amplifiers " W.E. 20.233 (Feb. 1943) 53. 
A4. Hadfield, B; M. (letter) " Optimum conditions in Class A amolifiers," W.E. 20.235 (April 1943) 181. 
A5. Sturley, K. R. " Optimum load, Ra or 2Ra " ? W.W. 50.5 (May 1944) 150. 
A6. Sturley, K. R. (letter) " Optimum conditions in Class A amplifiers " W.E. 20.235 (April 1943) 181. 
A7. Bradshaw, E. (letter) " Optimum conditions in Class A amplifiers " W.E. 20.237 (June 1943) 303. 
AS. Benham, W. E. (letter) " Optimum conditions in Class A amplifiers " W.E. 20.237 (June 1943) 302. 
A9. Gladwin, A. S. (letter) " Optimum conditions in Class A amplifiers " W.E. 20.240 (Sept. 1943) 436. 
A10, Date, W. H, (letter) " Optimum load," W.W. 50.7 (July 1944) 222. 
All, Good, E. F> (letter) " Optimum load" W.W. 50.8 (Aug. 1944) 252. 
A12. Hughes, E. " Optimum valve load— unified treatment for different operating conditions " W.W, 

51.8 (Aug. 1945) 246. 
A13. Foster, H. G* " Load conditions in Class A triode amplifiers " Electronic Eng. 19.227 (Jan. 1947) 

11. 
A14. Sturley, K. Ri (book) " Radio Receiver Design " Part II pp. 56-64 (Chapman and Hall, London, 

1945). 
A15. Warner, J. C, and A. V. Ldughren " The* output characteristics of amplifier tubes" Proc. I.R.E. 

14.6 (Dec. -1926) 735. 
A16. Kilgour, C. E, " Graphical analysis of output tube performance " Proc. I.R.E. i9.1 (Jan. 1931) 42. 
A17. Lucas, G. S. C. " Distortion in valve characteristics " W.E. 8.98 (Nov. 1931) 595. Letter P. K. 

Turner 8.99 (Dec. 1931) 660. 
A18. Nelson, J. R. " Calculation of output and distortion in symmetrical output systems," Proc. I.R.E. 

20.11 (Nov. 1932) 1763. 
A19. Ferris, W. R. " Graphical harmonic analysis for determining modulation distortion in amplifier 

tubes " Proc. LR.E. 23.5 (May 1935) 510. 
A20. Mouromtseffj I. E., and H. N. Kozanowski *' A short-cut method for calculation of harmonic 

distortion in wave modulation " Proc. I.R.E. 22.9 (Sept. 1934) 1090. 
A21. Hutcheson, J. A. " Graphical harmonic analysis " Elect. 9.1 (Jan. 1936) 16. 
A22. Harries, J. H. O. " Amplitude distortion " W.E. 14.161 (Sept. 1937) 63. 

A23. Kemp, P. " Harmonic analysis of waves up to eleventh harmonic " Electronic Eng. 23.284 
(Oct. 1951) 390. 

See also References to Graphical Harmonic Analysis Chapter 6 Sect. 9(C). 

(B) GENERAL REFERENCES TO CLASS A AMPLIFIERS 

Bl. Espley, D. C, and L. I. Farren, " Direct reading harmonic scales," W.E. (April 1934) 183. 

B2. R.C.A. " Application Note on design of audio systems employing type 2A3 power amplifier triodes " 
No. 29 (Dec. 29, 1933). 

B3. R.C.A. " Application Note on short-cut method for determining operating conditions of power 
output triodes " No. 42 (Sept. 5, 1934). 

B4, R.C.A. " Application Note on use of the plate family in vacuum tube power output calculations " 
No. 78 (July 28, 1937)— Reprinted Radiotronics 80 (Oct. 11, 1937) 72. 

B5. Pullen, K. A. " The use of G curves in the analysis of electron-tube circuits " Proc. I.R.E. 37.2 
(Feb. 1949) 210. 

B6. Langford- Smith, F., and W. J. Steuart " Effect of power supply on power amplifiers " — unpub- 
lished analysis. 

B7. Pullen, K. A. " G curves in tube circuit design " Tele-Tech 8.7 (July 1949) 34 ; 8.8 (Aug. 1949) 33. 

B8. Pullen, K. A. " Use of conductance, or G, curves for pentode circuit design" Tele-Tech 9.11 
(Nov. 1950) 38. 



602 REFERENCES 13.12 

(C) REFERENCES TO MULTI-GRID AMPLIFIERS 

CI. Brian, W. S. " Experimental audio output tetrode " Elect. 20.8 (Aug. 1947) 121. 

C2. Pickering, N. " Space-charge tetrode amplifiers " Elect. 21.3 (Mar. 1948) 96. 

C3. Schade, O. H. " Beam power tubes " Proc. I.R.E. 26.2 (Feb. 1938) 137. 

C4. Jonker, J. L. H. " Pentode and tetrode output valves "Philips Tec. Com. No. 75 (July 1940) 1. 

C5. " Advantages of space-charge-grid output tubes " (Review of paper by N. C. Pickering) Audio 

Eng. 31.9 (Oct. 1947) 20. 
C6. Hadfield, B. M. " Amplifier load impedance reduction," Tele-Tech 7.5 (May 1948) 33. 

See also B5. 
C7. Hafler, D., & H. I. Keroes "An ultra-linear amplifier" Audio Eng. 35.11 (Nov. 1951) 15. 

(D) REFERENCES TO PARALLEL AMPLIFIERS 

Dl. Jones, F. C. " Parallel tube high fidelity amplifiers " Radio 29.10 (Oct. 1945) 27. 
D2. Jones, F. C. " Additional notes on the parallel tube amplifier " Radio (June 1946) 26. 

(E) REFERENCES TO PUSH-PULL AMPLIFIERS 

El. Thompson, B. J. " Graphical determination of performance of push-pull audio amplifiers " Proc. 

I.R.E. 21.4 (April 1933) 591. 
E2. Barton, L. E. " High audio output from relatively small tubes " Proc. I.R.E. 19.7 (July 1931) 1131. 
E3. M.I.T. Staff (book) " Applied Electronics " (John Wiley and Sons, New York ; Chapman and 

Hall, London, 1943) pp. 433-448, 548-558. 
E4. Sturley, K. R. " Radio Receiver Design " Part 2 (Chapman and Hall, London, 1945) pp. 84-97. 
E5. " Push-pull triode amplifiers " Radiotronics No. 79 (Sept. 1937) 64 ; No. 80 (October 1937) 78. 
E6. Adorjan, P. " Power amplifier design," Radio Eng. 16.6 (June 1936) 12. , 
E7. Krauss, H. L. " Class A push-pull amplifier theory " Proc. I.R.E. 36.1 (Jan. 1948) 50. 
E8. Cocking, W. T. "Push-pull balance" W.W. 53.11 (Nov. 1947) 408. 
E9. R.C.A. Application Note No. 54 "Class AB operation of type 6F6 tubes connected as pentodes," 

(Dec. 1935). 
E10. Williams, W. N. " Novel 10 watt amplifier for P.A." Radio and Hobbies, Australia (April 1942) 37. 
Ell. Heacock, D. P. " Power measurement of Class B audio amplifier tubes " R.C.A. Rev. 8.1 (Mar. 

1947) 147. 
E12. Barton, L. E. " Application of the Class B audio amplifier to a-c operated receivers " Proc. I.R.E. 

20.7 (July 1932) 1085. 
E13. Sah, A. Pen- Tung " Quasi transients in Class B audio-frequency push-pull amplifiers," Proc. 

I.R.E. 24.11 (Nov. 1936) 1522. 
E14. Nelson, J. R. " Class B amplifiers considered from the conventional Class A standpoint " Proc. 

I.R.E. 21.6 (June 1933) 858. 
E15. Butler, F. " Class B audio-frequency amplifiers " W.E. 24.280 (Jan. 1947) 14. 
E16. RCA. Application Notes Nos. 5, 14, 18, 33 and 54 giving operating data on types 79, 53, 19, 800, 

54 respectively. 
E17. Barton, L. E. " Recent developments of the Class B audio- and radio-frequency amplifiers " 

Proc. I.R.E. 24.7 (July 1936) 985. 
E18. McLean, T. " An analysis of distortion in Class B audio amplifiers " Proc. I.R.E. 24.3 (March 

1936) 487. 
E19. Strafford, F. R. W. " Join-up distortion in Class B amplifiers," W.E. 12.145 (Oct. 1935) 539. 
E20. R.C.A. Application Note No. 40 " High power output from type 45 tubes " (June 1934). 
E21. Reich, H. J. " Theory and applications of electron tubes " (McGraw-Hill, 2nd edit. 1944). 
E22. Greenwood, H. M. " Cathode-follower circuits " Q.S.T. 29.6 (June 1945) 11, especially Fig. 20. 
E23. Amos, S. W. " Push-pull circuit analysis — cathode-coupled output stage " W.E. 23.269 (Feb. 

1946) 43. 

E24. Edinger, A. " High-quality audio amplifier with automatic bias control " Audio Eng. 31.5 (June 

1947) 7. Based on patent by Lincoln Walsh. 

E25. Minter, J. " Audio distortion and its causes " Chapter 6. " Standard FM Handbook " (FM 

Company, Great Barrington, Mass., U.S.A. 1st edit. 1946) — gives intermodulation test results 

on Lincoln Walsh amplifier. 
E26. Pateut application, inventors C. G. Smith, W. Storm, E. Watkinson, assignee Philips Electrical 

Industries of Aust. Pty. Ltd. 
E27. Sturley, K. R. " Push-pull A.F. amplifiers — load curves for Classes A, B and C conditions " 

W.E. 26.313 (Oct. 1949) 338. 
E28. Mcintosh, F. H., and G. J. Gow " Description and analysis of a new 50-watt amplifier circuit " 

Audio Eng. 33.14 (Dec. 1949) 9. 
E29. Parry, C. A. "The cathamplifier " Proc. I.R.E. Aust. 11.8 (Aug. 1950) 199. 

Parry, C. A. " The cathamplifier " Proc. I.R.E. 40.4 (April 1952) 460. 
E30. " The Cathamplifier Handbook " (Mingay Publishing Co., Sydney, Australia). 
E31. Sterling, H. T. " Extended Class A audio " Elect. 24.5 (May 1951) 101. 

See also A13, A18, A20, B5, C3. 
E32. Peterson, A., and D. B. Sinclair "A single-ended push-pull audio amplifier" Proc, I.R.E. 40.1 

(Jan. 1952) 7. 

(F) REFERENCES TO COMPLETE AMPLIFIERS 

Fl. Williamson, D. T. N. " Design for a high-quality amplifier " (1) Basic requirements : alternative 

specifications, W.W. 53.4 (April 1947) 118 j (2) Details of final circuit and its performance, W.W. 

53.5 (May 1947) 161. 
F2. Baxandall, P. J. " High-quality amplifier design — advantages of tetrodes in the output stage " 

W.W. 54.1 (Jan. 1948) 2 ; Correction 54.2 (Feb. 1948) 71. 
F3. Gibson, W. F., and R. Pavlat " A practical cathode-follower audio amplifier " Audio Eng. 33.5 

(May 1949) 9. 
F4. Williamson, D. T. N. " High-quality amplifier— new version " W.W. 55.8 (Aug. 1949) 282 ; 55.10 

(Oct. 1949) 365 ; 55.11 (Nov. 1949) 423. 
F5. " The Williamson Amplifier," Reprint of articles published in the Wireless World (Iliffe and Sons 

Ltd., London). 

(G) GENERAL REFERENCES 

Gl. Sulzer, P. G. "A survey of audio-frequency power- amplifier circuits" Audio Eng. 35.5 (May 
1951) 15. 

Additional references H will be found in the Supplement commencing on page 1475. 



CHAPTER 14 



Section 



FIDELITY AND DISTORTION 

By F. Langford-Smith, B.Sc, B.E. 



1. Introduction 

2. Non-linear distortion and harmonics 

3. Intermodulation distortion ... 

4. Frequency distortion 

5. Phase distortion 

6. Transient distortion 

7. Dynamic range and its limitations 

8. Scale distortion 

9. Other forms of distortion 

10. Frequency range preferences 

11. Speech reproduction 

12. High fidelity reproduction 

13. References 



Page 
603 
605 
611 
617 
618 
619 
620 
625 
626 
627 
628 

632 



SECTION 1 : INTRODUCTION 

(i) Fidelity («) Types of distortion (Hi) Imagery for describing reproduced sound. 

(i) Fidelity 

True fidelity is perfect reproduction of the original. In the case of an amplifier, 
true fidelity means that the output waveform is in all respects an amplified replica of 
the input waveform. 

In acoustical reproduction, true fidelity is achieved if the listener has the same aural 
sensations that he would have if present among the audience in the studio or concert 
hall. 

In practice, true fidelity can only be regarded as an ideal to be aimed at. 

The concept of " hole in the wall " listening put forward by Voigt (e.g. Ref. A49) 
is a useful device. The listener, surrounded by his listening room, is imagined as 
being in the concert hall and able to hear directly, through his open window, the 
sound coming from the stage, together with echoes. Echoes from his own room will 
come from all directions, but echoes from the concert hall only come through the open 
window. This is probably the nearest approach to true fidelity which there is any 
hope of approaching with single channel transmission. See also Ref. A50. 

The purpose of high fidelity reproduction of music is to satisfy a particular listener, 
who is primarily interested in the emotions arising from what he hears. The complete 
process involves sensations and emotions which cannot be treated objectively and must 
bring in personal preferences and differences of opinion. 

It is manifestly impossible to reproduce at the two ears of the listener an exact 
equivalent of the sounds which he would hear in the concert hall. The greatest 
deficiencies are probably the single point sound reproducer (the loudspeaker) and the 
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volume level. The use of stereophonic reproduction is briefly mentioned in Chapter 
20 Sect. 6(v) — it is impracticable with the existing radio and disc recording tech- 
niques. In the home it is rarely that orchestral reproduction is heard at the same 
maximum volume level as in the concert hall. This is the real dilemma from which 
there is no satisfactory escape. If we listen at a lower volume level we suffer attenua- 
tion of the low and high frequencies. If we apply tone correction in the form of 
bass and treble boost, it is difficult to gauge the correct amount, and most correcting 
circuits only give a rough approximation to the ideal. If we leave the adjustment 
of tone controls to the listener, he will adjust them to please himself and the result is 
usually far from a true reproduction of the original. 
Refs. A10, A20. 

(ii) Types of distortion 

Distortion is lack of fidelity. In the case of an amplifier, distortion occurs when the 
output waveform differs in some respect from the input waveform. The purpose 
of the amplifier, and also of the whole equipment, is to reproduce the input waveform, 
not a band of frequencies. The latter may be necessary in order to achieve the former, 
but is only a means to an end. 

Distortion may be grouped into six main classes. 

1. Non-linear distortion (also known as amplitude distortion), and resulting in 
la. Harmonic distortion and 

lb. Intermodulation distortion. 

2. Frequency distortion (unequal amplification of all frequencies). 

3. Phase distortion. 

4. Transient distortion. 

5. Scale distortion (or volume distortion). 

6. Frequency modulation distortion. 

There are other features in reproduction which are not normally classed as dis- 
tortion, although they affect the listener as being untrue to the original. These in- 
clude background noise and the use of a single point source of sound. Background 
noise includes needle scratch, hum and adjacent channel whisdes. There are also 
some types of distortion peculiar to loudspeakers — see Chapter 20 Sect. 7. 

(iii) Imagery for describing reproduced sound 

The following is based largely on Ref. A48, and is merely a proposal which has not 
been generally accepted. It is included for general interest. 

(a) Frequency Range Notation 

Extreme Lows Below 100 c/s 

Lows 100— 300 c/s 

Lower Middles 300 — 800 c/s 

Upper Middles 800—1500 c/s 

Lower Highs 1500 — 4000 c/s 

Highs 4000—8000 c/s 

Extreme Highs Above 8000 c/s 

(b) Distortion 

General : Dirty, non-linear distortion. 
Overload : Hash-up, mush-up. 

Thump (sudden rectification when signal hits bottom). 

Sound often becomes strident if harmonic energy peaks in the lower 
highs. 
Records : Fuzz or lace. Inability of stylus to track at high groove curvatures. 
Crackle : Same as fuzz, but occurring principally on high-amplitude peaks. 
Rattles or buzz, rub or wheeze. 
Swish — scratch periodic with rotation of record. 
Carbon Microphones : Frying, popping, sizzle. 
Sub-harmonics : Breakup, birdies, tweets. 
Intermodulation : Harsh, rough. 
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Cross-over distortion : Marbles, garble. 
Transient distortion : Hang-over. 

Attack — good or slurred. 
Intermodulation with peak in the high-frequency region : 
Violins sound wiry. 
Male voices have kazoo. 

Brass instruments show jamming in upper octaves, 
(c) General Terms 

Position presence : Localization, mass of sound ; advance, come forward, 

stand out ; distant, dead, recede, lost. 
Intimacy presence : Intimate, rapport. 
Detail presence : Transparent, translucent, clear, opaque, acoustic fog, veiled, 

muddy. 
Source size : Live ; broad, volume, floods out, big tones, well-focused 

tones ; dead and flat, compressed, from a hole in the wall, 
out of a barrel. 
Realism : Presence, natural, life-like, pleasing ; canned music. 

Reproduction : Realistic, perfect, adequate. 
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SECTION 2 : NON-LINEAR DISTORTION AND HARMONICS 



(*) Non-linearity 
harmonic distortion 
of non-linearity. 



(it) Harmonics (Hi) Permissible harmonic distortion (iv) Total 
(v) Weighted distortion factor (vi) The search for a true criterion 



(i) Non-linearity 

A distortionless amplifier has an input voltage versus output voltage characteristic 
that is a straight line passing through the origin (OA in Fig. 14.1), the slope of the 
line indicating the constant voltage gain. When non-linearity occurs, as may happen 
with curvature of the valve characteristics, the input-output characteristic becomes 
curved as in OB, thereby indicating that the gain of the amplifier is a variable quantity. 
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(ii) Harmonics 

One effect of this non-linearity is the production of harmonic frequencies in the 
output when a pure sine-wave input voltage is applied, hence the name harmonic 
distortion. For example, if the input voltage is a pure sine wave of frequency 100 c/s, 
the output may consist of a fundamental frequency 100 c/s, a second harmonic of 
200 c/s, a third harmonic of 300 c/s, and so on. Only the fundamental frequency 
is present in the input, and the harmonics are products of the non-linearity (for mathe- 
matical treatment see Chapter 6 Sect. 8). 



Fig. 14.1. Linearity characteristic {or transfer characteristic) 

— OA for distortionless amplifier ; OB for non-linear 

amplifier. 
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Harmonics themselves are not necessarily displeasing, since all musical instruments 
and voices produce complex sounds having many harmonics (or overtones). But all 
sounds have certain relationships between the fundamental and harmonic frequencies, 
and it is such relationships that give the sound its particular quality*. If certain 
harmonics are unduly stressed or suppressed in the reproduction, the character of the 
sound (i.e. the tone) will be changed. For example, it is possible for a displeasing 
voice to be reproduced, after passing through a suitable filter, so as to be more pleasing. 

The critical ability of the human ear to distinguish harmonic distortion depends 
upon the frequency range being reproduced and also upon the volume. Thus, with 
wide frequency range, the limit of harmonic distortion which can be tolerated is 
noticeably lower than in the case of limited frequency range, for the same volume level. 

If the amplifier does not amplify the harmonics to the same extent as the funda- 
mental, the effective harmonic distortion will be changed. Bass boosting reduces 
the harmonic distortion of bass frequencies, while treble boosting increases the har- 
monic distortion of fundamental frequencies whose harmonics are in the frequency 
range affected by the boosting. 

The shape of the audibility curves for the ear, which has. maximum sensitivity at 
about 3000 c/s (Fig. 19.7), indicates that there is some effective boosting of harmonics 
compared with the fundamental for harmonics up to about 3000 c/s, and an opposite 
effect for fundamental frequencies above 3000 c/s. This effect, however, is quite 
small at frequencies up to 1500 c/s, at the usual maximum listening levels (say 65 to 
80 db on a sound level meter). At lower listening levels the effect will be appreciable, 
but the distortion is normally fairly low at these levels in any case. With fundamental 
frequencies above 3000 c/s there is an appreciable reduction of harmonic distortion 
at all levels (this effect has been referred to by Ladner, Ref. E14). For example, 
with a fundamental frequency of 3000 c/s, at a loudness level of 80 phons, the second 
harmonic will be attenuated by 9 db and the third harmonic by 15 db. 

Harmonic voltages or currents are usually expressed in the form of a percentage 
of the fundamental voltage or current. For example, if the fundamental voltage is 
100 volts, and there is a second harmonic voltage of 5 volts, the second harmonic 
percentage is 5%. 

Some harmonics are dissonant with the fundamental and (unless at a very low level) 
are distinctly unpleasing to the listener as regards their direct effect, quite apart from 

*These remarks apply to sounds which have slow attack and recovery times. In the case of most 
orchestral instruments this effect is largely overshadowed by the more prominent effects of transients. 
Many sounds (e.g. vowels) have an inharmonic content in addition to the harmonic content (Ref. E14). 
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the secondary effect on intermodulation. The 
details when the fundamental frequency (C) is 
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♦Natural (just) scale. 
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5000 
5250 
5500 
5750 
6000 
6250 
See Chapter 20 Sect. 8(iv). 
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(iii) Permissible harmonic distortion 

The effect of non-linear distortion usually first becomes apparent to the listener 
through the production of inharmonic frequencies by intermodulation when two or 
more frequencies are present in the input (see Sect. 3). In practice, therefore, the 
percentages of the various harmonics which can be tolerated are fixed by their indirect 
effects rather than by their direct effect. 

Under ideal theoretical conditions - ) - , the magnitudes of the individual harmonics 
to produce equal intermodulation distortion are inversely proportional to the order 
of the harmonic. For example, 5% second harmonic produces the same intermodula- 
tion distortion as 3.3% third harmonic or 0.77% thirteenth harmonic — see below (v) 
Weighted distortion factor. 

In order to make true comparisons between different sound systems, it is desirable 
to specify the frequency ranges, and the amplitudes of all the harmonics up to, say, 
the thirteenth. In the special case of single Class A triodes (below the overload point) 
the effect of the harmonics higher than the third may be neglected. 

For a typical single Class A triode (type 2A3, Ref. E3) the harmonics, as derived 
from Olson, are : 

Harmonic 2nd 3rd 4th 5th 

level - 30 - 50 - 70 — db 

percentage 3.16 0.3 0.03 J % 

With push-pull operation, the third harmonic becomes the dominant harmonic 
and, if the grid excitation is increased to give the same value of total harmonic dis- 
tortion as with the single valve, the higher harmonics become more significant. With 
Class ABi operation, the higher harmonics are still further increased and, when 
weighted in proportion to the order of the harmonics, odd harmonics up to the thir- 
teenth are prominent, and harmonics up to the twenty fifth may be appreciable. 

fThese conditions require the distortion to be similar to that produced by a Class A triode with not 
more than about 5% second harmonic distortion and without running into positive grid current. 
{Less than 0.01%. 



608 (iii) PERMISSIBLE HARMONIC DISTORTION 14.2 

With a single pentode the weighted values of the higher order harmonics are quite 
appreciable. The values of distortion — columns 1 and 2 — are derived from Olsonf 
for type 6F6 (Ref. E3). 



Harmonic 


level 
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factorj 
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2nd 


-20 
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10% 
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-25 
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1.5 


8.4% 
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-35 


1.8 


2 


3.6% 


5th 


-45 


0.56 


2.5 


1.4% 


6th 


-62 


0.08 


3 


0.24% 


7th 


-62 


0.08 


3.5 


0.28% 


8th 


-63 


0.07 


4 


0.28% 


9th 


-65 


0.06 


4.5 


0.27% 


10th 


-73 


0.022 


5 


0.11% 


11th 


-74 


0.02 


5.5 


0.11% 


12th 


-73 


0.022 


6 


0.13% 


13th 


-67.5 


0.04 


6.5 


0.26% 


14th 


-74 


0.02 


7 


0.14% 



J These are based on the ideal theoretical condition for equal intermodulation distortion ; they may 
differ considerably from the true effect on the listener. 

With any system of amplification other than Class B, the percentage of total har- 
monic distortion, as defined in (iv) below, decreases as the power output level is re- 
duced. Moreover, the percentages of the highest order harmonics decrease more 
rapidly than those of the lower order harmonics, as the power level is reduced. 

The use of negative feedback* merely reduces all harmonics in the same propor- 
tion and does not affect their relative importance, except when the overload point is 
approached. 

Comparative tests have been carried out by Olson (Ref. E3) which indicate 

1. That slightly greater distortion is permissible with speech than With music. 

2. That a higher value of total harmonic distortion is permissible with a single 
triode than with a single pentode, for the same effect on the listener. 

3. That the permissible distortion decreases as the cut-off frequency is increased. 
However the rate of change varies considerably with the three categories of distortion, 
as given below. 

4. Perceptible distortion (for definition see below). 

Distortion becomes perceptible when the measured total harmonic distortion 
reaches the level of 0.7% for music, and 0.9% for speech, with a frequency range of 
15 000 c/s and a pentode valve. Even with the very limited frequency range of 
3750 c/s a total harmonic distortion of 1.1% on music, and 1.5% on speech, is per- 
ceptible with a pentode valve. The difference between pentode and triode is negli- 
gibly small. 

5. Tolerable distortion (for definition see below). 

The measured total harmonic distortion to give tolerable distortion on music, with 
either triode or pentode, increases about four times when the frequency range is re- 
duced from 15 000 to 3750 c/s. The value of tolerable distortion with a pentode is 
1.35% total harmonic distortion with a frequency range of 15 000 c/s, and 5.6% with 
a frequency range of 3750 c/s on music, and 1.9% and 8.8% respectively on speech. 
The amount of permissible total harmonic distortion with a triode is greater than that 
with a pentode for the same level of tolerable distortion, in the approximate ratio of 
4 to 3. 

The effect of frequency range on tolerable distortion is much greater than on per- 
ceptible distortion. 

6. Objectionable distortion (for definition see below). 

Objectionable distortion, on music, with either triode or pentode, increases about 
5.5 times when the frequency range is reduced from 15 000 c/s to 3750 c/s ; the 

fBy kind permission of the author and of the publishers and copyright holdera, Messrs. D. Van 
Nostrand Company Inc. 

*It is assumed that the feedback network is not frequency-selective. 
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effect Of frequency range on objectionable distortion with music is thus greater than 
its effect on tolerable distortion and much greater than on perceptible distortion. The 
values of total harmonic distortion to provide objectionable distortion are 2% with a, 
frequency range of 15 000 c/s and 10.8% with a frequency range of 3750 c/s for 
music, and 3% and 12.8% respectively for speech, with a pentode. The value of 
total harmonic distortion with a triode to give the same level of objectionable distortion 
as a pentode is approximately in the ratio 5/4. 

Definitions — Perceptible distortion is denned as the amount of distortion in the 
distorting amplifier which is just discernible when compared with a reference system, 
of very low distortion. Tolerable distortion is the amount of distortion which could 
be allowed in low-grade commercial sound reproduction. Objectionable distortion 
is the amount of distortion which would be definitely unsatisfactory for the reproduc- 
tion of sound in phonograph and radio reproduction. The two latter are dependent 
upon personal opinion. 

Test conditions — -Information derived from these tests has been tabulated below, 
the conditions being 

Triode : single 2 A3, power output 3. watts. 
Pentode : single 6F6, power output 3 watts. 
The sound was reproduced in a room with acoustics similar to a typical living room 
with a noise level Of about 25 db. The tests were performed with a limited number 
of critical observers. 

Test Results (Ref. E3) 

Cut-off frequency 3750 5000 7500 10 000 15 000 c/s 

Objectionable distortion 

Music Triode 14.0 8.8 4.8 3.4 2.5% 

Pentode 10.8 6.0 4.0 2.8 2.0% 

Speech Triode 14.4 10.8 6.8 5.6 4.4P/ 

Pentode 12.8 8.8 6.4 4.4 3.0% 

Tolerable distortion 

Music Triode 6.8 5.6 4.4 3.4 1.8% 

Pentode 5.6 4.0 3.2 2.3 1.35% 

Speech Triode 8.8 7.2 4.8 3.6 2.8% 

Pentode 8.8 5.2 4.0 3.0 1.9% 

Perceptible distortion 

Music Triode 1.2 — 0.95 — 0.75% 

Pentode 1.1 — 0.95 — 0.7% 

Speech Triode 1.4 — 1.15 — 0.9% 

Pentode 1.5 — 1.2 — 0.9% 

(iv) Total harmonic distortion 

The distortion factor of a voltage wave is the ratio of the total r.m.s. voltage of 
all harmonies to the total r.m.s. voltage. 

The percentage of total harmonic distortion is the distortion factor multiplied 
by 100 : 

D = ^ *. a +*■+*«■ + ••• x 100 

VES + E 2 * + EJ + Ef + . . . 
where D = percentage of total harmonic distortion 

E t = amplitude of fundamental voltage 
and E 2 = amplitude of second harmonic voltage, etc. 

If the distortion is small, the percentage of total harmonic distortion is given ap- 
proximately by 

D « V(H 2 %y + {H 3 %Y + . . . (2) 

where (// 2 %) = second harmonic percentage, etc. 
with an error not exceeding 1% if D does not exceed 10%. 

The measurement of total harmonic distortion is covered in Chapter 37 Sect. 3( ii). 
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(v) Weighted distortion factor 

Some engineers use a weighted distortion factor in which the harmonics are weighted 
in proportion to their harmonic relationship : 

*"• - ^yy;;;-.-.. 

For example, if E x = 100, E 2 = 5, E 3 = 8 volts, 
i.e. second harmonic =5% 

and third harmonic =8% 

then W.D.F. = 0.129 (or 12.9%) 
and Total distortion factor = 0.094 (or 9.4%). 

When all the distortion is second harmonic, this weighted distortion factor is the 
same as the total distortion factor. 

With this weighted distortion factor it is desirable to measure harmonics up to a 
high order (say the thirteenth) at frequencies where the high order harmonics come 
within the frequency band of the amplifier. 

(vi) The search for a true criterion of non-linearity 

Tests carried out by Olson — see (iii) above — indicate that, under the test con- 
ditions, the value of total harmonic distortion is a fairly accurate indication of " per- 
ceptible distortion ". Total harmonic distortion may thus be regarded as a true 
criterion of the subjective effects of distortion in an amplifier, provided that the value 
is of the order of 1 % or less, and provided that overloading or " kinks " in the linearity 
characteristic do not occur. It has yet to be proved whether or not total harmonic 
distortion of the order of 1% is a true measure of -the subjective effects of distortion 
under all conditions. 

It is generally admitted that the value of total harmonic distortion does not provide 
a true criterion of non-linearity between different types of amplifiers under all possible 
conditions, even though the measurements may be made over the whole audible fre- 
quency range, and even though the frequency ranges may be identical. 

It is the writer's opinion that the conventional weighted distortion factor — see (v) 
above — also fails to provide a true criterion of non-linearity. 

It has been found that when measuring intermodulation distortion, the r.m.s. sum 
method is less effective than the arithmetical peak sum method in comparing different 
types of amplifiers — see Sect. 3. Since the principle of intermodulation testing in- 
herendy gives harmonic weighting, an obvious step would be to adopt the arithmetical 
sum of the weighted harmonics, using the conventional weighting factor. 

One interesting investigation by Shorter (Ref. A45) has indicated that a very much 
more drastic weighting, using the square of the conventional weighting factor and 
including all harmonics with at least 0.03% amplitude, showed distortion values in 
the correct subjective sequence. The results obtained by Shorter are summarized 
in the table on page 611. 

One inference which may reasonably be drawn is that any sharp kinks in the line- 
arity curve, as usually occur in any Class AB X or AB 2 amplifier, have a far more serious 
subjective effect than is indicated by any of the standard methods of measuring dis- 
tortion — whether total harmonic distortion, conventional weighted distortion factor 
or the standard form of intermodulation testing. 

The excellent work by Olson — as described in (iii) above — has provided the cor- 
relation between frequency range and harmonic distortion for either music or speech, 
triode or pentode, for three levels of subjective distortion. What still remains to be 
done is for a comprehensive investigation to be made into the equivalent subjective 
effects (preferably following the definitions laid down by Olson) of all types of ampli- 
fiers — both good and bad design — measuring the individual harmonics up to, say, 
the twenty-fifth. The tests need only be taken with a single frequency range, since 
the effect of frequency has been adequately covered by Olson. 

The test on each amplifier should be made at maximum rated power output into 
a resistive load, and also, if desired, at a specified level below maximum rated power 
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*As (v) above. 

fWith square of weighting factor of (v) above. 

{Indicated on a CR.O, (input versus output voltage). 

output. Tests should also be made on the same amplifiers for intermodulation dis- 
tortion, using both r.m.s. and peak sum methods s with suitable test frequencies. 
In all cases, any distortion measurements should be supplemented by 

(1) An oscillographic inspection of the waveform, and 

(2) An oscillographic inspection of the linearity (input versus output) characteristics 
for sharp " kinks." 

From these results it should be possible to derive a system of harmonic weighting 
such that the weighted harmonic distortion is a true criterion of the subjective effects 
of the distortion. 



SECTION 3 : INTERMODULATION DISTORTION 

(i) Introduction (ii) Modulation method of measurement — r.m.s. sum (Hi) Differ- 
ence frequency intermodulation method (iv) Individual side-band method (v) Modu- 
lation method of measurement — peak sum (vi) he BeVs oscillographic method (vii) 
Comparison between different methods (viii) Synthetic bass. 

(i) Introduction 

Intermodulation distortion is one of the effects of non-linearity when more than one 
input frequency "is applied. It is evident to the listener in two forms, amplitude- 
modulation of one frequency by another, and the production of sum and difference 
frequencies. See also Chapter 2 Sect. 9(iv). 

An example of amplitude-modulation is the effect of a non-linear amplifier on the 
reproduction of a choir with a heavy organ bass accompaniment. The choir is am- 
plitude-modulated by the organ — -a displeasing effect to the listener. This effect is 
negligibly small in amplifiers if the total harmonic distortion is less than say 2%, but 
it is apparent with some loudspeakers (see Chapter 20 Sect. 7). 

The formation of sum and difference frequencies is the second and more serious 
form of intermodulation distortion. These frequencies are normally in-harmonic 
and are the principal cause of the distorted reproduction noticed by any listener — 
sometimes described as harsh, buzz, rough or unpleasant. 

In actual operation there are very many input frequencies applied simultaneously, 
but it is possible to make comparative tests using only two frequencies. Tests for 
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intermodulation distortion may be made in accordance with any of the methods 
described below. For measurement see also Chapter 37 Sect. 3(ii)A. 

The indicated value of intermodulation differs significantly with the method used, 
and the conditions of testing. It is important, in all cases, to specify both the method 
and the conditions of testing. 

In all cases the two input voltages must be mixed, without intermodulation, before 
reaching the input terminals of the amplifier — bridge networks or hybrid coils are 
commonly used. 

(ii) Modulation method of measurement — r.m.s. sum 

In accordance with this method, one of the two input frequencies is preferably 
weaker than the other (a ratio of 4 : 1 in voltage or 12 db is used generally throughout 
this handbook unless otherwise indicated), and the stronger is usually lower in fre- 
quency than the other*. The sum and difference frequencies are usually expressed 
in the form of the percentage modulation of the weaker (high frequency) fundamental 
voltage. For one pair of sidebands the modulation percentage is given by 
2 x sideband amplitude x 100/fundamental amplitude. 

When testing, in order to make a fair comparison with single-frequency conditions, 
the input should be adjusted so as to give the same peak output voltage as under 
single frequency conditions. With the 4 : 1 ratio of the two input voltages, the 
equivalent single-frequency power output is 25/17 or 1.47 times the indicated 
power output under I.M. conditions (Ref. B14). The indicated power output 
is that calculated from the r.m.s. voltage across the load resistance. 

Since there are many of these sum and difference frequencies, plus harmonics of 
both applied frequencies, it is necessary to take account of their magnitudes. This 
may be accomplished, in accordance with this method, in special equipment for the 
measurement of total intermodulation distortion by reading the r.m.s. sum of all 
extraneous frequencies (Refs. B5, BIO). For measurement see Chapter 37 Sect. 3(ii). 

There is no simple relationship between harmonic and intermodulation 
distortion. For example, it has been shown that in record manufacture the excessive 
polishing of masters greatly increases intermodulation distortion but does not much 
affect harmonic distortion (Ref. B6). See also Refs. A45 (correspondence), B7, Bll, 
B19, B20. 

If all harmonics are within the frequency range of the amplifier it may be shown 
that — 

1 . If only second harmonic is present (a condition which never occurs in practice), 
the ratio of total intermodulation distortion to second harmonic distortion is 
3.2 (Refs. B7, Bll). 

2. If only third harmonic is present (another condition which never occurs in prac- 
tice), the ratio of total intermodulation distortion to third harmonic distortion 
is approximately 3.84 at low values of distortion (Refs. B7, Bl 1). 

3. If the distortion is small, the intermodulation sidebands are approximately given 
by (Ref. B8) : 

Modulation percentage of first\;ss2x second harmonic distortion percent- 

intermodulation sideband j age. 

Modulation percentage of second \«a 3 x third harmonic distortion percent- 
intermodulation sideband J age. 

Thus intermodulation distortion is automatically weighted by the order of the dis- 
tortion. 

As a very rough approximation, the ratio I.M./H.D. may be taken as : 
3.2 for single-ended triodes 
and 3.8 for push-pull (triodes or pentodes) 
where I.M. = total intermodulation distortion (r.m.s. sum) 
and H.D. = total harmonic distortion, 

♦With a-f systems with peaked response in the middle-to-high frequency range, such as high effici- 
ency speech systems and hearing aids, better results are obtained by having the higher input frequency 
stronger than the lower frequency (Ref. B13). The two methods of measurement will, of course, give 
different results. 
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provided that the operation is restricted to the normal low-distortion region (Refs 
B7, Bll). The ratio tends to increase as the distortion increases. These ratios may 
increase suddenly as the amplifier reaches the overload point. They are also affected 
if a lower I.M. frequency is selected which gives appreciable attenuation. The 
ratio is increased if there is any second harmonic cancellation in successive stages t ip 
the amplifier or any attenuation of harmonics. In practice therefore, with many 
disturbing factors, the ratio may vary from less than 1 to more than 6 — -see summary 
Ref. B19. 

The usual test frequencies are 40, 60, 100, 150 or 400 c/s and 1000, 2000, 4000, 
7000 or 12 000 c/s. It is helpful to make tests at two low frequencies — one of these 
(40 or 60 c/s) should approximate to the low frequency limit of the amplifier ; the 
other may be 100 or 150 c/s. The distortion at the lower of these two frequencies 
is largely influenced by any iron-cored transformers, while that at the higher of these 
two frequencies gives a more normal overall value. The upper frequency may ap- 
proximate to half the upper frequency limit of the amplifier — this does not, however, 
give a stringent test of the distortion at high frequencies. 

Intermodulation distortion may be visually observed with a C.R.O. (Refs. B9, B19) 
—see also Sect. 3(vi) below. 

Reliable intermodulation measurements may be made in the presence of consider- 
able noise since the latter is excluded by filters to a greater degree than with harmonic 
distortion. It may also be successfully applied in the case of restricted frequency 
range where the harmonics would be outside the range of the amplifier. In such a 
case it is important to remember that the distortion is not zero merely because the 
harmonics are not reproduced. 
Permissible inter modulation distortion 

The following is an arbitrary grouping which may be useful (Modulation method — ■ 
r.m.s. sum) : 

Extremely high fidelity a-f amplifier (40 c/s) I.M. less than 2% 

High fidelity a-f amplifier (40 c/s) I.M. less than 4% 

Good fidelity a-f amplifier (60 c/s) I.M. less than 8% 

Fairly good fidelity a-f amplifier (60 c/s) I.M. less than 20% 

Typical radio receiver — a-f amplifier only (150 c/s) I.M. less than 40% 

The values quoted are only a rough guide, since so many factors are involved. They 
apply to the equivalent single frequency maximum power output, and the lower test 
frequency is given in brackets. 

See also comments in (vii) below. 
Tests with 1 : 1 voltage ratio 

More stringent tests at the higher frequencies may be made by the use of a 1 : 1 
voltage ratio. 

(iii) Difference-frequency intermodulation method 

In accordance with this method, two frequencies f x and / 2 , of equal amplitude, are 
applied to the input and the relative amplitude of the intermodulation component 
at the difference frequency (/ 2 — /i) is then considered a measure of the inter-modula- 
tion distortion, which may be expressed as a percentage of either output voltage. 
A wave analyser may be used to measure the difference frequency. Typical lower 
frequencies are 1000, 5000 and 9000 c/s, while difference frequencies range from 50 
to 500 c/s (Ref. A51) or even higher (Ref. B22). For the precise interpretation of 
results, a fairly low difference frequency is desirable. 

Equipment has been designed so that the frequencies of the two input voltages can 
be varied over the a-f range with a constant difference frequency maintained between 
them (Refs. B3, B22). 

See also comments in (vii) below. 

References A51, B3, B12, B13, B22. 

(iv) Individual sideband method 

In accordance with this method the individual sidebands are measured separately, 
and some attempt made to select the most important ones (Ref. Bl). 
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If all significant sidebands are measured, the distortion may be recorded in accord- 
ance with the peak sum modulation method — see (v) below. 

(v) Modulation method of measurement — peak sum 

This newer method of defining and measuring intermodulation distortion (Ref. 
B16) has outstanding advantages over the older method based on the r.m.s. sum. This 
peak sum method will measure the arithmetical sum of the amplitudes of the modula- 
tion products involved, with no discrimination against the weaker modulation pro- 
ducts. 

In accordance with this method, the percentage intermodulation is defined as the 

arithmetical sum of the amplitudes of the " in phase " modulation products divided 

by the amplitude of the high frequency carrier, 

A x + A_ y + A 2 + A_ 2 + ... 

i.e. percentage intermodulation = -z x 100 

A 

Where A x and A _ x are the peak amplitudes of the modulation products of frequencies 

A 2 and A _ 2 are the peak amplitudes of the modulation products of frequencies 

">2 ± 2 a)!, etc., 

A is the peak amplitude of the high frequency carrier, 

co! is the angular velocity of the low frequency input, 

a^ is the angular velocity of the high frequency input. 

The input amplitude of w 2 is 12 db below that of a^. 

In order to measure the sum of these voltages accurately, it is necessary to use a 

peak-reading voltmeter. Ref. B16 describes such an analyser primarily for use with 

frequencies of 400 and 4000 c/s for testing pickups, but also capable of use with input 

frequencies less than 400 or greater than 4000 c/s. 
See also comments in (vii) below. 

(vi) Le Bel's oscillographic method 

The use of an oscilloscope to give a qualitative indication of intermodulation dis- 
tortion is well known — a good description is given in Ref. B9. A quantitative method 
has subsequently been developed by Le Bel (Ref. B19). The two voltages of different 
frequencies are applied to the input of the amplifier in the usual way, the output is 
passed through a high-pass filter to an oscilloscope with the sweep adjusted to cover 
one cycle of the low frequency. If there is no intermodulation, the high frequency 
wave has constant peak amplitude and the envelope is rectangular as in Fig. 14.1 A. 

FIG. I4.IC 
FIG. I4.IA FIG. I4.IB 




Notch 1 * 
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Notch » 

Notch Depth •£ ( In Percent) 



Fig. 14.1 A & B. Envelope of oscilloscope images without intermodulation (A), and with 
intermodulation (B). Ref. B19. 
Fig. 14.1C. Definition of notch depth (Ref. B19). 

Intermodulation results in an envelope such as Fig. 14.1B. Normally, the inter- 
modulation causes a " notch " or notches in the envelope and the notch depth is de- 
fined by Fig. 14.1C. The experimental relationship which has been determined 
between notch depth and intermodulation (using the normal modulation method of 
measurement— r.m.s. sum— as in Ref. B2) is shown in Fig. 14.1D. This curve is 
practically linear below 50% notch depth (i.e. 10% intermodulation), so that a scale 
may be used directly on the screen for measuring the value corresponding to each 
notch. If there i s more than one notch, Le Bel defines total notch depth as the arithmetical 
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Fig. 14.1D. Relation between notch depth and per cent, intermodulation (Ref. B19). 
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Fig. 14. IE. Envelope of notch pattern z 
with insufficient bias, for single-ended - 

stage (Ref. B19). _.„ £ 12 



FIG. I4.IF 
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Fig. 14.1F. Normal notch pattern for 
push-pull stage (Ref. B19). F|G |4 |G 



"10 20 30 40 50 60 70 
AMPLIFIER OUTPUT IN VOLTS 

Fig. 14.1H. Intermodulation (IM) and 
_ _ , „ harmonic distortion characteristics of a 

Fig. 14.1G. Push-pull output stage push . pull ampIifier showi ng that the ratio 
with single-ended driver stage showing f tnetwoparameterschanges{Ref:Bl9) , 
effect of driver overload (Ref. B19). * v v J J 

sum of the individual notch depths. Each notch in the low frequency cycle on top 
and/or bottom of the envelope is counted. Some typical envelope patterns are shown 
in Figs. 14.1E, F and G. If a peak instead of a notch occurs at any pointj this in- 
dicates regeneration. 

The harmonic and intermodulation* distortion characteristics of a push-pull 
amplifier are shown in Fig. 14.1H. At low output levels the intermodulation is less 
than the harmonic distortion, while at high output levels the reverse is true. This 



*In accordance with Le Bel's oscillographic method. 
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indicates that the method is a much more sensitive indication of the approach towards 
die overload point than is total harmonic distortion. 
See also comments in (vii) below. 

(vii) Comparison between different methods 

In recent years the modulation method of measurement based on the r.m.s. sum 
has been widely used. However this method has a serious shortcoming in that the 
lower amplitude modulation products have a negligibly small effect on the reading, 
which is almost entirely controlled by a few modulation products of high amplitude. 
It has been clearly demonstrated that this method does not give an indication pro- 
portional to. the subjective effect on the listener, particularly when discontinuities 
'(" kinks ") occur in the valve characteristics as with Class AB or Class B operation, 
or when running into grid current with a high impedance source. 

This defect is at least partially overcome by the use of the peak reading analyser 
described in (v) above, Which is distinctly preferable as giving an indication more 
in line with the results from listening tests. 

It seems that Le Bel's method described in (vi) above is an oscillographic equivalent 
of the peak sum method, and close correlation would be expected between them. 

It remains to be proved whether or not the peak sum method gives readings pro- 
portional to the subjective effect on the listener under all conditions. It may be that 
some " weighting " method is required to give even greater prominence to the higher- 
order products that arise from sharp kinks in the linearity characteristic. 

All modulation methods with the lower frequency at the higher level are primarily 
tests on low frequency distortion and, as such, fulfil a useful purpose. It is essential, 
for design purposes, to have separate measurements of distortion both at low and high 
frequencies. Insufficient investigation has been made into the general use of modula- 
tion methods with the higher frequency at the higher level, for testing high frequency 
distortion (however see Refs. B13, B19). 

The difference-frequency method is very suitable for testing distortion at middle 
frequencies, and also at high frequencies where conventional* modulation methods 
are deficient. Unfortunately there are no published data to enable a comparison 
to be made with the peak sum modulation method. 

The distortion indicated by the several methods may differ appreciably. For 
example, consider high-frequency pre-emphasis as used in recording and F-M. 
If distortion takes place after pre-emphasis and before de-emphasis, and if the dis- 
tortion is measured after de-emphasis, the percentage harmonic distortion is lowered 
by the de-emphasis ; the modulation method of measuring intermodulation is not 
significantly altered by de-emphasis ; while the difference-frequency method gives 
a higher value as the result of de-emphasis (Ref. B13). 

See also Ref. A43 and Chapter 37 Sect. 3(ii)A. 

(viii) Synthetic bass 

<A) When two or more input frequencies are applied to a non-linear amplifier 
the output will include sum and difference frequencies located about each of the higher 
input frequencies. For example With input frequencies of 50 and 150 c/s, the output 
will include frequencies Of 50, 100, 150 and 200 c/s. Even if the lowest frequency 
is very much attenuated by the amplifier, the sum and difference frequencies tend to 
create the acoustical impression of bass. With more than two input frequencies 
the effect is even greater, so that fairly high distortion has the effect of apparently 
accentuating the bass. 

(B) Owing to the peculiar properties of the ear, a single tone with harmonics may 
be amplified, the fundamental frequency may be completely suppressed, and yet the 
listener hears the missing fundamental (Ref. A 18). 

These two effects assist in producing " synthetic bass " — -Chapter 15 Sect. 12(ii) — 
when the natural bass is weak or entirely lacking. It should be emphasized that this 
is not the same a§ true bass, and does not constitute fidelity. 

•With the lower frequency having the greater amplitude. 
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SECTION 4 : FREQUENCY DISTORTION 

(t) Frequency range (it) Tonal balance (iii) Minimum audible change in frequency 
range (iv) Sharp peaks. 

(i) Frequency range 

Frequency distortion in an amplifier is the variation of amplification with the 
frequency of the input signal. A high fidelity a-f amplifier should have nearly con- 
stant amplification over the whole range audible to the most critical listener— rfrom 
say 30 to 20 000 c/s (see Sect. 7). There is no serious difficulty in designing such 
an amplifier, but it can only be usefully applied when it is fed from a wide-range 
source and excites a wide-range loudspeaker system. 

In practice there are limitations imposed by both the source and the loudspeaker, 
but it is good practice to design the amplifier for full-power-handling capacity with 
negligible non-linear distortion over a wider frequency range than it will normally 
be required to handle. The limitation in frequency range (if not inherent in the 
source) should preferably be applied either by a filter between the source and the input 
terminals, or in an early stage in the amplifier — see Chapter 15 Sect, l(iii). 

The full frequency range is only audible at very high levels as is demonstrated in 
Sect. 7. If a particular equipment is to be operated always at comparatively low 
levels (e.g. dinner music) or in noisy locations, reduction of the frequency range is 
quite correct and may even be beneficial. 

Amplifiers for other than wide-range high-fidelity are usually designed to meet the 
requirements of the average listener, with a frequency range (at maximum orchestral 
level) of about 45 to 15 000 c/s, which may be still further reduced to about 70-13 000 
c/s at typical levels for home listening — see Sect. 7(ii). 

In commercial quantity-produced equipment the frequency range is often restricted 
to the extreme. By this means non-linear distortion and hum are reduced to a bear- 
able level without expense. Unfortunately, frequency range can only be extended, 
while remaining free from obvious distortion, at a cost which rises at a rapidly in- 
creasing rate — largely due to the loudspeaker. It is important to reduce the distortion 
before widening the frequency range — see Sect. 12(ii). 

(ii) Tonal balance 

It has been found that good tonal balance between high and low frequencies is 
obtained when the product of the limiting frequencies is about 500 000* (Refs. A8, 
A17, A38, CI, C10). 

For example : 

1. 25-20 000 c/s. Very wide frequency range, 

2. 33-15 000 c/s. Wide frequency range, 

3. 50-10 000 c/s. Fairly wide frequency range, 

4. 60- 8 000 c/s. Medium frequency range, 

5. 100- 5 000 c/s. Restricted frequency range, 

6. 150- 3 300 c/s. Very restricted frequency range, 

but these should not be taken as more than a general guide. (5) is typical of a medium 
quality console, and (6) a mantel model receiver with " mellow " tone. These fre- 
quency ranges should include both amplifier and loudspeaker. Wide frequency 
range is only comfortable to the listener so long as other forms of distortion are im? 
perceptible. 

(iii) Minimum audible change in frequency range 

Just as with sound level there is a niinimum audible change in level, so there is 
also a minimum audible change in frequency range. The limen has been proposed 
(Ref . A25) as being the minimum difference in band width that is detectable by half 
the observers. Tests were made on a limited number of observers resulting in the 
following list of frequencies in steps of 1 limen : 15 000, 11 060, 8000, 6400, 5300, 

"Various authorities place this figure from 400 000 to 640 000. 
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4400 c/s. It would therefore be possible to reduce the frequency range of an ampli- 
fier from 15 000 c/s (say the limit of hearing in a particular case) to 11 000 c/s without 
a non-critical listener noticing the restriction. The same principle also holds in re- 
verse, when widening the frequency range. (See also Ref. A9). 

(iv) Sharp peaks 

One particularly objectionable form of frequency distortion is that due to sharp 
peaks in the output, as may be caused by loudspeaker cone resonances, especially 
in the 2000-3500 c/s range. Sharp troughs are relatively unimportant through their 
direct effects, although they may be accompanied by poor transient response. 

The effect of restricted frequency range on articulation is covered in Sect. 11. 



SECTION 5 : PHASE DISTORTION 

Phase distortion is the alteration by the amplifier of the phase angle between the 
fundamental and any one of its harmonics or between any two component frequencies 
of a complex wave. Phase distortion causes the output waveform to differ from the 
waveform of the input voltage. 

A fixed phase shift of 180° (or any multiple of 180°) at all frequencies does not 
constitute phase distortion. A phase shift which is proportional to the frequency also 
does not cause phase distortion. 

It has been demonstrated in monaural listening (Ref. A23) that the tonal quality 
of a complex steady-state waveform depends not only upon the component frequencies 
and their relative amplitudes, but also — over certain ranges of frequency and level — 
upon the envelope shape, which is controlled by the phase angles. Large changes in 
aural perception can occur, through changes in phase only, among frequencies which 
are related harmonically or otherwise. These effects vary from a raucous to a smooth- 
sounding quality, depending on the relative phases. The frequency range, over which 
these effects were observed, increases as the acoustical level increases, at least up to 60 
phons. 

The authors state that " in the case of very complex, but continually varying sounds, 
such as voice or a musical instrument with many harmonics, phase effects of this type 
are probably not noticeable under usual listening conditions because the patterns are 
coming in and out non-simultaneously in various parts of the frequency range." 

Phase shift has a serious effect on transients (see Sect. 6). 

In the light of the known effects, and with insufficient data to determine what 
degree of phase shift is permissible for high fidelity reproduction, it is wise to reduce 
the phase shift in amplifiers to the lowest practicable value. 

With normal circuits, the phase shift is determined by the overall attenuation at 
the extreme low and high frequencies of the sound system. If the frequency charac- 
teristic is practically flat over the whole useful frequency range, the phase shift may 
normally be neglected. However, when a high-pass or low-pass filter is used to limit 
the frequency range, or when some form of tone control is used, the phase angle may 
be quite large over a limited frequency range. 

Refs. A15, A23, A28, A40, A42, A57, Ell. 
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SECTION 6 : TRANSIENT DISTORTION 

(i) General survey {ii) Testing for transient response. 

(i) General survey 

It has been demonstrated by Prof. Richardson that it is the attack and decay times 
of sounds that largely determine their tonal quality, rather than their harmonic con- 
tent (Ref. A41). 

An amplifier which gives fairly good reproduction of steady tones may give serious 
distortion with transients. The distortionless reproduction of a short pulse requires 

1. Very wide frequency response — possibly higher than the limit of audibility. 

2. No phase distortion. 

3. No " hang-over." The duration should not be greater than the original pulse. 
" Hang-over " effects are caused by insufficiently damped LC circuits such as may 

occur with a-f transformers, tone correction circuits and filters — see Chapter 15 
Sect. l(ix). Loudspeakers are particularly prone to this effect, and it is desirable 
for them to have heavy acoustical and electro-magnetic damping, with reduction of 
mass of moving parts. 

Some measurements of the phase shift introduced by microphones and loudspeakers 
are given in Ref. A40. 

References : A40, A41, El. 

(ii) Testing for transient response 

Amplifiers and loudspeakers may be tested by applying to the input terminals a 
waveform with a sharp discontinuity — e.g. square wave or saw-tooth. 

One of the most serious problems with certain kinds of music is the occurrence of 
extremely high transient peaks which may possibly reach a level 20 db above the 
reading of the volume indicator. This effect has been observed with choral music, 
orchestral string passages and similar highly complex sounds (Ref. E15— see also A3). 
These peaks cause overloading and distortion in the amplifier and loudspeaker, but 
particularly in recording. Some form of peak limiting is usually adopted in recording 
and broadcasting in order to avoid blasting or " buzz." However, for true fidelity, 
these transient peaks should be reproduced in their original form. 

One interesting approach is the use of white-noise as a test signal. White-noise 
is random fluctuation noise, but the construction of a white-noise signal generator 
whose output power is uniformly distributed over the a-f region of the spectrum is 
difficult. One white-noise generator, which heterodynes a selected portion of the 
r-f noise spectrum to produce nearly uniform voltage over the a-f range, is described 
in Ref. D18. A simpler method is described in Ref. D17 which employs a disc re- 
cording of white-noise (40 to 20 000 c/s) together with bands having high frequency 
cut-off at 7000, 9000 and 12 000 c/s and low frequency cut-off at 80 and 150 c/s. 
This is recorded on a constant velocity basis. A flat noise voltage characteristic may 
be obtained by playing back with a velocity pickup of the dynamic or magnetic type, 
without any equalizing network. The recording is corrected for translation loss — 
4 db at 20 000 c/s. The following comments are based on Ref. D17. 

Loudspeakers may be tested for undamped resonances by applying white-noise 
signal, picking up the sound by a suitable microphone and applying the output to the 
vertical plates of an oscilloscope. The sweep frequency is then varied to pick up the 
resonances. Cross modulation may be recognised by a periodic thinning out of the 
fine-grain high frequency noise. It is stated that a miniature condenser microphone 
is particularly suitable for this test. 

When an amplifier is overloaded, the peaks on the oscilloscope appear beaded. 

The elliptical pattern, obtained by applying the white-noise to both pairs of plates 
with approximately 90° phase difference, may be used as a sensitive indication of 
overloading. The circuit is arranged to give larger ellipses with higher frequencies. 
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SECTION 7 : DYNAMIC RANGE AND ITS LIMITATIONS 

(i) Volume range and hearing (ii) Effect of volume level on frequency range (Hi) 
Acoustical power and preferred listening levels (iv) Volume range in musical repro- 
duction (v) The effect of noise, 

(i) Volume range and hearing 

Every source of sound, for example speech or music, has a variation in sound level 
from its minimum to its maximum. The loudness level is measured in phons (see 
Chapter 19 Sect. 5) while the maximum variation in level may be expressed in decibels 
— this is known as the volume range, and is measured by a standard sound-level 
meter or volume indicator. As this instrument does not indicate short sharp peaks, 
the peak dynamic range is usually 10 or occasionally up to 20 db greater than that 
indicated by the instrument.* 



Fig. 14.2. Threshold of audi- 
bility curves for average and 
very critical (5% most acute) 
listeners in the absence of 
noise. Reference level db — 
0.0002 dyne per sq. cm. 
Curves by courtesy of Jensen 
Radio Manufacturing Com- 
pany, based on Fletcher (Ref. 
A3). 



\ 










III 






























> 


V 








































\\ 


















--- 


















- 




V 


L 


































A 






(I 


































\ 


\ 


i 
































































1 i 


- 
































i / ' 
















v» v 


EK 


AC 


E U 


JTENER 












l f 




- 






























, 


1 , 










( 


wric 


ALUST 






! 










' 


V 




















































1 1 










































ll 
I 


I 

















IOO 200 500 1000 2000 5000 10000 2O000 

FREQUENCY. CYCLES PER SECOND 



A symphony orchestra, with a peak dynamic range of up to 70 db provides the most 
difficult problem for the reproducing equipment. This range is equivalent to a power 
ratio of 10,000,000 : 1. 

Before proceeding further, it is necessary to consider some of the characteristics 
of hearing. Fig. 14,2 shows the hearing characteristics of average and very critical 
listeners in the absence of noise — at any one frequency, a listener is only able to hear 
sound intensity levels above the curve. 



Fig. 14.3. Masking levels 
for noise in average and very 
quiet residences. Curves by 
courtesy of Jensen Radio 
Manufacturing Company, 
based on Refs. A3, D6, 
Dl, E9. 
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FIG. 14.3 

The maskingf effect of room noise is shown by Fig. 14.3 for average and for very 
quiet residences. These curves may be applied directly to the hearing characteristics 
of Fig. 14.2. The result is shown in Fig. 14.4 for average conditions and in Fig. 14.5 

* T £ e 10 , db ™£° is S* V S" in , Ref - A51 > «i uotin 8 R e«- E7 > EI6. The 20 db ratio is mentioned in Sect. 
6(n), based on Refs. E15 and A3. 

■jThe masking level is the level of pure tones which can just be perceived in the presence of noise. 
The masking level is higher than the noise (spectrum) level at the same frequency by a manrin of 15db 
up to 1000 c/s, increasing to 28 db at 10 000 c/s (Ref. A53). 
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for a very critical listener and low room noise level (these latter are the extreme con- 
ditions for high fidelity). In each case the room noise reduces the effective hearing 
over a frequency range from about 150 to 6000 or 9000 c/s. 

The effect of noises other than room noise is covered in (v) below. 



Fig. 14.4. Effective hearing 
characteristic for average lis- 
tener with average noise level. 
Curves by courtesy of Jensen 
Manufacturing Company. 
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Fig. 14.5. Effective hearing 
characteristic for very critical 
listener with low room noise 
level. Curves by courtesy of 
Jensen Manufacturing Com- 
pany. 
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(ii) Frequency range 

When listening to the rapidly varying intensity levels which occur with speech or 
music, the ear appears to integrate these varying sounds over about 1/4 second in- 
tervals. When considering frequency range, the measurements of the sound levels 
created by the various types of musical instruments should therefore be reduced to 
their equivalent sound levels in 1/4 second intervals. 

If we compare the loudness of a narrow band of thermal noise with that of a pure 
tone having the same intensity, the two will be judged to have equal loudness if the 
width of the transmitted frequency band of noise is limited to a critical value called 
the critical bandwidth (Ref. A3). For this reason, measurements on the sound 
levels of musical instruments should be reduced to intensity levels which would have 
been obtained if the frequency bandwidths used in the filters had been equal to the 
critical bandwidths (Ref. A3). 

The integrated sound energy in a critical band over a 1/4 second interval will sound 
as loud as a pure tone in the same frequency band which produces the same sound 
energy in each 1/4 second interval (Ref. A3). 
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Fig. 14.6 gives the maximum r.m.s. intensity levels in 1/4 second intervals in critical 
frequency bands for certain musical instruments and an orchestra at a distance of 20 
feet from the sound source, together with the threshold of audibility curve for average 
listeners, indicating that a frequency range from 40 to 15 000 c/s meets all normal 
requirements for an average listener to an orchestra.* 



Fig. 14.6. Maximum r.m.s. 
intensity levels in 1/4 second 
intervals in critical fre- 
quency bands for whole 
orchestra and certain instru- 
ments. After Fletcher 
(Ref. A3). 
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Fig. 14.7 (highest curve) shows the same " orchestra " curve as Fig. 14.6, but com- 
bined with the threshold of audibility curve for a very critical listener, indicating that 
the maximum possible frequency range is from 32 to 21 000 c/s. These are the 
most extreme conditions to be taken into account for high fidelity reproduction. 
If this orchestra is reproduced at lower levels as indicated by the lower " orchestra " 
curves in Fig. 14.7, die frequency range is more restricted, particularly at the lower 
end. The values for both average and critical listeners are tabulated below : 



Peak value 

Average listener 

Lower frequency 
Upper frequency 

Critical listener 

Lower frequency 
Upper frequency 
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•The bass drum, played solo and very loudly, and the loud organ have frequencies in the vicinity of 
30 c/s audible to an average listener. 
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The curves of Fig. 14.6 and the orchestra curves used in Fig. 14.7 are only suitable 
for determining the audible frequency ranges of the various sound sources — they 
cannot be used for calculating the peak power. 

(iii) Acoustical power and preferred listening levels 

The r.m.s. peak sound level at a desirable seat in a concert hall for " full orchestra " 
is not likely to exceed a value of 100 db (Refs. A51, E13). 

If we accept the value of 100 db as being " maximum orchestral level," then a 
maximum r.m.s. peak acoustical power of about 0.4 watt will be required for repro- 
duction at the same level in a fairly large living room — see Chapter 20 Sect. 6(ii). If 
the loudspeaker is 3% efficient over the frequency band, then the maximum power 
from the amplifier will need to be 13 watts — with a more efficient loudspeaker, the 
power from the amplifier would be less. 

Peaks above 100 db may occur occasionally with a large orchestra or choir, but they 
are usually " peak limited " before being broadcast or recorded. However in the 
design of the amplifier it is desirable to allow a margin to provide for possible peaks 
above this level. 

Since sound -levels are normally measured with a sound-level meter, it is necessary — 
when considering acoustical reproduction — to make allowance for the margin of 10 db 
or more between this level and the r.m.s. peak level. 

Preferred listening levels 

Tests conducted by the B.B.C. (Ref. C12) on listeners give the following preferred 
maximum sound level, as measured with a sound level meter : 









Programme 






Public 


Music- 


Engineers 


En- 


















Men 


Women 




Men 


Women 




Symphonic music 


78 


78 


88 


90 


87 


88 db 


Light music 


75 


74 


79 


89 


84 


84 db 


Dance music 


75 


73 


79 


89 


83 


84 db 


Speech 


71 


71 


74 


84 


77 


80 db 



Individual variations varied from 60 to 97 db for symphonic music, but in all cases 
50% of the subjects were within ± 4 db of the mean. Increasing age showed a pre- 
ference for lower listening levels. 

The following table gives an approximate guide for home listening : 



Loudness 


Sound-level 
meter reading 


Normal 
r.m.s. peak 


Very loud 

Loud (serious listening) 

Medium (as a background) 


80 db 

70 db 

55-65 db 


90 db 

80 db 

65-75 db 



(iv) Volume range in musical reproduction 
(A) Orchestral reproduction 

If the full peak orchestral dynamic range of 70 db is to be reproduced, the receiver 
(if any) and amplifier must have a peak dynamic range of the same amount. This 
may be accomplished with the peak sound intensity in the room either equal to that 
in the concert hall, or at a lower level. However, if the reproduced dynamic range 
is to be effective it must all be above the noise masking level. 

Fig. 14.8 shows the extreme conditions for high fidelity reproduction, with the 
threshold of audibility curve for a very critical listener, combined with the masking 
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Fig. 14.8. Effective hearing characteristic for very critical listener with low room noise 
levels showing 70 db dynamic range for orchestra in a concert hall. Minimum orchestral 

level based on Ref. £13. 

effect of low room noise. The 70 db dynamic range of an orchestra in a concert hall 
is shown, with the minimum orchestral level of 30 db well above the masking level 
of the noise. In this case it would be possible to reproduce the full dynamic range 
at a level 15 db lower than the level in the concert hall, without loss due to noise. 
With an average listener and average noise levelj however, the reproduction could not 
be more than 5 db below the level in the concert hall without loss due to noise. Any 
further reduction in level will result in the masking of the softest passages by the noise. 

(B) Volume range broadcast or recorded 

The volume range actually broadcast or recorded is frequently less than that of the 
original. 

Source Volume range 

F-M broadcast (direct) at least 60 db (F.C.C.) 

A-M broadcast (direct) at least 50 db (F.C.C.) 

Transmission over telephone lines 40-50 db* 

ditto (special lines) 50-75 db* 

Lateral-cut disc records : 

shellac 30-45 db* 

microgroove, say 40-56 db* 

transcription (ortnacoustic) 45-58 db* 

Vertical-cut (hill and dale) 45-50 db* 

To reduce the volume range, it is usual to employ automatic peak limiters together 
with volume compressors, although some manual adjustment is also made on occasions. 
To restore the volume range, it is sometimes possible to use volume expansion (see 
Chapter 16). 

(v) The effect of noise 

Noise as heard by the listener is contributed by many sources — for example by 

background noise in the studio, by the microphone and pre-amplifier, the transmitter, 

the receiver, the a-f amplifier and room noise. If the sound source is a record, there 

will be additional noise due to the recording. Under conditions for good fidelity, 

noise due to the transmitter and receiver (if any) can be made negligibly small. The 

remaining noise sources may be grouped as 

•Maximum signal to noise ratio. The maximum dynamic range may be somewhat higher — see 
Sect. 7(v). 
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1. Noise from the sound source. 

2. Noise from the amplifier. 

3. Room noise. 

It is assumed here that hum from the amplifier has been made inaudible, and then 
the total* noise arising from amplifier and room noise may be determined by the nomo- 
gram Fig. 19.6A when both component values are expressed in decibels. By follow- 
ing a similar procedure, this value may then be combined with noise from the sound 
source to give the total noise from all sources. 

The value of room noise is 43 db for the average level (Fig. 14.4) and 33 db for the 
low noise level (Fig. 14.5). 

It is usually simpler to combine these noises electrically than acoustically, a con- 
venient point being the primary of the output transformer. The equivalent electrical 
value of the room noise for a typical living room of 3000 cubic feet is given approxi- 
mately byt 

Room noise Electrical noise power (milliwatts) 

33 db 0.009/ rj 

43 db O.O9/17 

Where 17 = loudspeaker efficiency percentage. 

If the loudspeaker efficiency is 3%, the equivalent electrical value of the room noise 
is approximately — 25 dbm for low room noise, or — 15 dbm for average room noise. 

The masking value of the total noise can only be determined accurately by 
calculating or measuring the total noise spectrum and applying the masking curves 
of Fletcher and Munson (Ref. E9 Fig. 15 ; also reproduced in Olson Ref. E3 Fig. 
12.30). However for the simple case where room noise predominates, it may be taken 
as a reasonable approximation that the curves of Fig. 14.3 may be moved vertically 
as required and that the masking ordinate at 1000 c/s is 18 db below the total noise 
level. 

Thus the masking effect at 1000 c/s of room noise alone is approximately — 43 
dbm for low room noise, or — 33 dbm for average room noise, for 3% loudspeaker 
efficiency and a room volume of 3000 cubic feet. If the total noise from other sources 
is equal to the room noise, these values would be increased by 3 db. 

For high fidelity reproduction, the amplifier and pre-amplifier noise should be 
kept below the lowest room noise level. Under the preceding conditions, with room 
volume 3000 cubic feet and loudspeaker efficiency 3%, a reasonable value for total 
amplifier noisej appears to be about — 30 dbm, giving a masking level 5 db below 
that of the lower value of room noise. For values of loudspeaker efficiency other than 
3%, the Value of total amplifier noise is given by 

amplifier noise power = 0.003/ 17 mW (1) 

or amplifier noise in dbm = 10 log (0.003/ rj) (2) 

where 17 = loudspeaker efficiency percentage. 

See also Chapter 18 Sect. 2(ii) pages 782-783 for noise in pre-amplifiers ; Chapter 19 
Sect. 6(iii) page 829 for the measurement of noise in amplifiers. 



SECTION 8 : SCALE DISTORTION 

When music or speech is reproduced in a room with flat frequency response and at 
a level such that the listener experiences the same sensation of loudness as he would 
in the concert hall or studio, the tonal balance will be the same as in the original 
(assuming that his seat occupies the same position as the microphone). If the level 
of reproduction is less than the original, the bass will be weak in comparison with the 
middle frequency range from 600 to 1000 c/s, while the frequencies above 1000 c/s 
will also be attenuated, although only slightly. This is illustrated in Fig. 14.9 for 
one selected condition with 90 phons average original level, reproduced at an average 
level of 70 phons ; the loss at 50 c/s is over 10 db. 

*It is assumed that the room noise can be treated as random noise. Random noises are additive. 

tBased on Chapter 20 Sect. 6(ii)B. 

{For measurement of amplifier noise see Chapter 19 Sect. 6. 



626 



SCALE DISTORTION 



14.8 



FIG. 14.9 



O 
-2 
-4 
-6 
-8 
-10 
-12 
-14 



90 phoni 
























J 






A°7 



































Fig. 14.9. Loss of bass and high audio 
frequencies caused by reproduction at a 
loudness of 70 phons as compared with 
the original at 90 phons {based on 
Fig. 19.7). 



,0 ao so loo (poo IO.OOO 

Frequency (c.p.0 

On the other hand* if the reproduction is louder than the original, the bass (and to 
some extent the treble) will be accentuated. This commonly occurs with the human 
voice when reproduced at a high level, unless some correction is applied in the studio 
amplifier. 

It is for this reason that orchestral or organ music, when reproduced at normal 
room volume, sounds weak and uninteresting. The application of the correct amount 
of bass boosting assists considerably in maintaining realism and tonal balance. This 
application of bass boosting may be made automatically with the adjustment of the 
volume control, provided that maximum setting of the control corresponds to maxi- 
mum volume from the loudspeaker on musical peaks (Chapter 15 Fig. 15.59). This 
provision makes a second (semi-fixed) volume control desirable in reproduction from 
records — it calls for an exceptionally flat a.v.c. characteristic in a receiver, in addition 
to the double volume control. If the automatic arrangement is adopted without 
these precautions being taken, it is only partially effective, and many users prefer a 
manually operated bass-boost. The automatic arrangement is only satisfactory when 
the tonal balance is correct at the maximum setting of the volume control ; it merley 
boosts the bass when the setting of the control is lowered. 

Refs. A7, A29, A30, A33, A34, A56. 
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(i) Frequency-modulation distortion 
level (iii) Listener fatigue. 



(ii) Variation of frequency response with output 



(i) Frequency-modulation distortion 

Frequency-modulation distortion (or " wow ") tends to occur in recording, and is a 
cyclic variation of a higher frequency by a lower frequency. Frequency-modulation 
distortion may also occur in loudspeakers — see Chapter 20 Sect. 7(ii). 

(ii) Variation of frequency response with output level 

The frequency response of an amplifier should be substantially the same at all 
working levels. Amplifiers should be tested for frequency response at maximum 
output and at 30 and 60 db below maximum output. Output transformers are a 
frequent cause of variations in frequency response at different levels. 

(iii) Listener fatigue 

There is no doubt that listening to reproduced music causes listener fatigue much 
more rapidly than listening to the original. This listener fatigue is caused by the 
necessity for mental processes arising from the unnatural effects in the hearing system. 
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Probably the creation of synthetic bass, intermodulation distortion and transient dis- 
tortion play important parts in producing this fatigue. 

An excessively high background noise level, whether caused by hum, record scratch 
or any form of extraneous noise, is also an important factor contributing to listener 
fatigue. 

Ref. C7. 



SECTION 10 : FREQUENCY RANGE PREFERENCES 

(i) Tests by Chinn and Eisenberg (it) Tests by Olson (iii) Single-channel versus 
dual-channel tests (iv) Summing up. 

(i) Tests by Chinn and Eisenberg (Fef. CI) 

This was the first large scale series of tests on a number of listeners in order to 
determine their preferences in the frequency range of reproduced music. The ranges 
were (3 db attenuation) : 

Wide 35 to 10 000 c/s. 

Medium 70 to 6 500 c/s. 
Narrow 150 to 4 000 c/s. 
The equipment included a single channel amplifier and loudspeaker system. 
Only 12% of the listeners preferred the wide range on classical music, and 21% 
on male speech °, the remainder had no preference or were divided between narrow 
and medium. Tests were made at indicated sound intensities of 50, 60 and 70 db, 
the preference being between 60 and 70 db, varying with the type of music ; a some- 
what higher sound intensity was preferred for speech than for music. 

These tests gave rise to considerable discussion — see also (iv) below. 
Refs. CI, C2, C3, C4, C5, C6, C7, G8, C9, C14, A12, A34. 

(ii) Tests by Olson (Ref. C10) 

In this case preferences were made on the frequency range for orchestral music 
with the listeners in the same room as the orchestra. No amplifying equipment was 
used ; the restriction of frequency range was accomplished by an acoustical filter. 
Listeners were given a choice between a high frequency limit of 5 000 c/s and full 
frequency range. 

From 66% to 69% of the listeners preferred the full frequency range on music, 
and there was a majority preference for the full range on speech in " all acoustical " 
tests. 

Refs. C10, Cll, C7. 

(iii) Single-channel versus dual-channel tests 

Webster and McPeak (A19) carried out tests with single channel and dual channel 
(audio perspective) transmission of a live programme, compared with transcribed 
music. The majority preferred the transmission of a live programme to transcribed 
music. The majority also preferred the dual-channel to the single-channel trans- 
mission. The results, however, have been seriously challenged "regarding their 
interpretation (C7, A12). The tests gave no indications of the preferred frequency 
range. 

Hilliard (A27) expressed the opinion that the entertainment value of a two channel 
system reproducing frequencies up to 3500 c/s is better than a single channel system 
with 15 000 c/s response. 

It seems to be generally agreed that any satisfactory form of stereophonic repro- 
duction is very much preferable to single channel — see Chapter 20 Sect. 6(v). 
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(iv) Summing up 

The tests by Chinn and Eisenberg indicated that, under their conditions of test, 
the majority preferred a restricted frequency range. The tests by Olson indicated 
that, under his " all acoustical " listening conditions the majority preferred an un- 
restricted frequency range. Obviously the conditions of the tests are of vital im- 
portance — see discussion (i) above, also summing-up by Olson, CIO. 

Subsequent amplifier tests by Olson have indicated that an audience was able to 
perceive a value of 0-7% total harmonic distortion (see Sect. 2 and Ref. E3). A reason- 
able inference is that the reduction in frequency range preferred by listeners in the 
Chinn and Eisenberg tests was caused by distortion present in the sound system. 

It has been pointed out (Ref. CI 4) in connection with the Chinn and Eisenberg tests, 
that the choice between " wide " and " medium " (at 60 and 70 db) and between 
" medium " and " narrow " (at 50 and 60 db) was complicated by inadequate dis- 
criminability. 



SECTION 11 : SPEECH REPRODUCTION 

(i) The characteristics of speech (ii) Articulation (Hi) Masking of speech by noise 
(iv) Distortion in speech reproduction (v) Frequency ranges for speech. 

(i) The characteristics of speech 

It has been shown (Ref. A3) that conversational speech audible at 2£ feet occupies 
a frequency band from 62 to 8000 c/s. The average conversational speech power is 
about 10f microwatts, loud shouting power is about 5 milliwatts, while the softest 
conversational level is about 0.01 microwatt (Ref. E5). The peak dynamic range is 
about 40 db for any one speaker in ordinary conversation, but may reach 56 db as an 
extreme limit in the general case (Ref. A3). 

The peak power in conversational speech may reach 100 or even 200 times the 
average speech power. The octave with maximum energy in men's voices is from 
300 to 600 c/s, and for women's voices from 555 to 1110 c/s, the energy in the octave 
being 31 % of the total for both cases (Ref. E5). 

The characteristics of a man's conversational speech at a distance of 2h feet have 
been given as (Ref. A3) : 

Level of speech above threshold (+5 db) 63 db 

Long root-mean-square intensity level 68 db 

Peak level in 1/8 second intervals exceeded 5% of the time 85 db 

Root-mean-square level in 1/8 second intervals exceeded only 1% of 

the time 78 db 

Refs. A3, D5, D9, D20, E4, E5, E6. 

(ii) Articulation 

The articulation of speech is defined as the percentage of syllables interpreted 
correctly (Ref. D8). The results for an average listener receiving syllables at optimum 
intensity are given below (Ref. A3) : 

Articulation Minimum frequency or Maximum frequency 

98% 40 c/s 15 000 c/s 

98 100 12 000 

98 250 7000 

96 570 5000 

94 720 3900 

90 960 3100 

80 1500 2300 

70 1920 1970 

60 2300 1700 

50 2600 1500 



tA more recent test gave 34 microwatts for men and 18 microwatts for women (Ref. D5), 
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Columns 2 and 3 are the results of separate tests with a high-pass filter and a low- 
pass filter respectively. They cannot be combined to give a pass-band with the 
limiting frequencies as tabulated, except as a rough approximation for high percentages 
of articulation (> 90%) ; in this case the two articulation values should be multiplied 
together (e.g. 96% x 96% = 92% articulation approximately for a pass band from 
570 to 5000 c/s). 

There is no loss in articulation with a frequency range (pass band) from 250 to 
7000 c/s, while the loss is quite small with a range from 570 to 5000 c/s. With con- 
tinuous speech the loss in articulation is noticeably less than with syllables. 

Owing to the unnaturally high-pitched tone and obvious lack of balance, these 
frequency ranges are extended towards the bass for all communication purposes. 

An articulation index has been proposed (Ref. D3) which may be calculated for any 
known conditions, including noise. A value of 1.0 is the maximum (for perfect 
articulation) while a value of 0.5 or over is entirely satisfactory. 

Those who are interested in the intelligibility of speech either with or without 
noise interference should read Refs. D10, Dll, and D12. 

Experiments have shown that intelligibility is impaired surprisingly little by the 
type of amplitude distortion known as peak clipping. Conversation is possible 
even over a system that introduces " infinite " peak clipping, i.e., that reduces speech 
to a succession of rectangular waves in which the discontinuities correspond to the 
crossings of the time axis in the original speech signal. The intelligibility of the rect- 
angular speech waves depends critically upon the frequency-response characteristics 
of the speech transmission circuits used in conjunction with the " infinite clipper " 
A word articulation value of 97 was obtained using firstly a filter providing a frequency- 
response characteristic rising 6 db/octave, followed by the infinite peak clipper, 
followed in turn by a filter with a characteristic falling at the rate of 6 db/octave 
(Ref. D13). 

References to articulation : A3, D3, D8, D10, Dll, D12, D13, D19. 

(iii) Masking of speech by noise 

Noise has a similar masking effect with both speech and music. If the noise level 
is reasonably low there is very little effect on the reproduction of speech, since the 
dynamic range is not excessive. It is sometimes required to operate loudspeakers 
in very noisy locations, and in such cases it is helpful to provide the amplifier with a 
bass cut-off at 500 c/s, since the maximum intensity levels of speech (particularly 
declamatory* speech) occur below this frequency, and the effect of the lower fre- 
quencies on the articulation is negligible. This permits the middle frequencies from 
say 1000 to 3500 c/s to be boosted to the threshold of pain at 120 db, thus bringing 
them above the noise. An alternative arrangement is to give a treble boost of 6 db 
per octave over the whole useful frequency band, up to at least 3000 c/s — this will 
automatically reduce the bass frequencies as desired (D2, D4). This latter method 
requires much less acoustical power — 19% of that of a flat system with 500 c/s cut-off 
— but the effect sounds unnatural. 

Refs. A3, D2, D3, D4, D14, D15, D16, E4. 

(iv) Distortion in speech reproduction 

A considerable degree of distortion is possible before speech becomes objectionably 
distorted — about 15% second harmonic with a high frequency cut-off at 3750 c/s. 
This may be put in the form of about 48% intermodulation distortion (r.m.s. sum) 
with a similar cut-off frequency. 

If the frequencies below 500 c/s are attenuated, the distortion for a given loudness 
will be much less than for a wide frequency range. 

*Very loud public speaking. 



Articulation 


Frequency range 


98% 


62-8000 c/s 


98% 


150-7000 c/s 


96% 


200-5000 c/s 


96% 


500-5000** c/s 


95% 


500-4000** c/s 


90% 


500-3000** c/s 




300-3400** c/s 
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(v) Frequency ranges for speech 
Application 

High fidelity reproduction 

Good fidelity 

Fair fidelity (Public address) 

Restricted bass*. Unbalanced 

Restricted bass and treble* 

Very restricted* 

Telephone 

*For noisy locations. **Response may be peaked. 



SECTION 12 : HIGH FIDELITY REPRODUCTION 

(j ) The target of high fidelity (n) Practicable high fidelity (in) The ear as a judge 
of fidelity. 

(General references A3, A9.) 

(i) The target of high fidelity 

High fidelity reproduction is essentially reproduction such that the most critical 
person can listen intently to it without any apparent distortion and without any ap- 
preciable fatigue, other than any effects due to the single point source of sound. With 
the present limited state of knowledge we have no definite measurable limits which 
can be set for each form of distortion, to ensure high fidelity. 

However, it is generally agreed that a high fidelity amplifier should comply with 
the following specification. Values in brackets are rather extreme. 

Frequency range : 40-15 000 (30-20 000) c/s. 

Variation in output ± 1 db (± 0.5 db) at three levels. 

Total harmonic distortion not more than 1% (0.7%). 

Intermodulation distortion not more than 3% (2%), measured at 40 c/s and, say, 
7000 c/s — r.m.s. sum. 

Power output sufficient to ensure that overloading does not occur. 

Phase angle as small as practicable. 

The desired degree of damping on loudspeaker at bass resonant frequency. 

Hum inaudible. 

Noise* to give specified dynamic range 70 (80) db : 

Total noisef 52 (62) db below max. r.m.s. peak signal. 

Noise* to be inaudible in low noise room : 
For room volume 3000 cubic feet — 

Loudspeaker efficiency 3% 10% 30% 45% 

Total noise -30 -35 -40 -42 dbm 

Conditions of test — Including microphone (or other source) and loudspeaker. 

This specification does not include some very important loudspeaker characteristics, 
such as frequency-modulation distortion, time delay for specified increase in sound 
pressure, transient decay characteristics, and sub-harmonics (see Chapter 20 Sect. 7). 
These have been omitted owing to difficulties in testing and the lack of standardized 
procedure. 

(ii) Practicable high fidelity 

There is no great difficulty in meeting the specification given in (i) above so far as 
a microphone and amplifier are concerned. However, when a loudspeaker is added, 
to say nothing of the additional distortion contributed by transmission and reception, 
or reproduction from disc records, it is impossible to meet this specification. 



♦See Sect. 7(v). 

tBased on total noise 18 db above masking level of noise at 1000 c/s. For measurement of noise 
see Chapter 19 Sect. 6. 
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This raises the question whether such high standards are essential. The principal 
characteristics in question are variation in output, distortion, and frequency range. 
Variation in output over the frequency range 

A tolerance of the order of ± 5% appears to be generally acceptable for the overall 
electro-acoustical performance of a sound system. 

Distortion and frequency range 

The permissible non-linear distortion in a high fidelity amplifier is dependent on 
the frequency range, the type of programme, the critical character of the listener 
and the sound level. It has been observed that the sensitivity of the ear to distortion 
in music appears to be a maximum for sound levels in the vicinity of 70 to 80 db 
(Ref. A51). Hence for sound levels of the order of 90 db (sound level meter indica- 
tion), somewhat higher values of distortion than those specified in (i) above would be 
permissible — possibly of the order of 2% total harmonic distortion with a cutroff 
frequency of 10 000 c/s, and 2.5% with a cut-off frequency of 7500 c/s. 

Most direct radiator loudspeakers exceed 2% total harmonic distortion over certain 
frequency bands when operated to give a sound level (meter reading) of 90 db in a 
fairly large living room. However, the problem is complicated by the fact that many 
types of music have maximum intensity levels in the 200 to 500 c/s frequency band 
where loudspeakers often have distortion values well below their maximum values. 

When the distortion in any individual case is distressing to a listener, the high cut-off 
frequency should be reduced until he is relieved from the discomfort. It is better 
to have freedom from discomfort than to have a wide frequency response, particularly 
when listening for a sustained period. This leads to the conclusion that " the true 
measure of the quality of an electro-acoustical system is the maximum bandwidth 
which the public finds acceptable " (Ref. C7). Thus all high fidelity amplifiers 
should have a choice of high roll-off* frequencies. 

In addition, it is necessary to provide the listener with tone controls on treble and 
bass, with the choice of boosting or attenuation on each (see Chapter 15). He can then 
please himself on the choice of tonal balance and frequency range. 

In the writer's opinion, nearly distortionless reproduction of bass frequencies up 
to say 400 c/s is far more important than reproduction of frequencies above 10 000 c/s. 

The importance of improved bass response in reproduced music is gradually 
> gaining recognition. Various methods are being adopted to produce acceptable 
extreme bass response without requiring an excessively large loudspeaker. Fortun- 
ately the extension of the bass range, with or without bass boosting, does not directly 
result in any increase in the subjective effects of the distortion such as occurs with 
extension of the treble range. 

High fidelity reproduction with a level frequency response, when compared with 
a distorting amplifier, seems to lack bass. If a fair comparison is to be made between 
them, when operating at the same sound levels, the high fidelity amplifier will require 
bass boosting. 

A direct radiator loudspeaker, or a conventional horn type, cannot give high fidelity 
reproduction at frequencies lower than the bass resonance, because the distortion 
rises very rapidly. Thus the minimum frequency for high fidelity depends upon the 
loudspeaker and any extension to lower frequencies will require another, and usually 
larger and more expensive, loudspeaker. 

The output transformer should, for high fidelity, have low distortion at the lowest 
frequency which the loudspeaker can handle. A transformer to handle high power 
at very low frequencies and low distortion is both heavy and expensive, but is not other- 
wise difficult either in design or manufacture. 

If the output transformer and loudspeaker are incapable of handling frequencies 
below a critical, value without serious distortion, it is wise to filter out these lower 
frequencies and so rid the amplifier of their bad effects: It is better to have a clean 
bass limited to say 80 or 100 c/s, than to have a distorted condition resulting in inter- 
modulation effects over a wide frequency range. 

•Sharp cut-off characteristics are undesirable for fidelity. However a roll-off and sharp cut-off may 
be combined to give an acceptable result. 
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(iii) The car as a judge of fidelity 

It is common practice to regard the ear as the final judge of fidelity, but this can only 
give a true judgment when the listener has acute hearing, a keen ear for distortion, and 
is not in the habit of listening to distorted music. A listener with a keen ear for dis- 
tortion can only cultivate this faculty by making frequent direct comparisons with the 
original music in the concert hall. 

Non-linear distortion in any good quality amplifier should be so low as to be 
inaudible to the most critical listener. This distortion can therefore only be checked 
by measurements. 

The ear is the only final judge of fidelity with loudspeakers, although it should be 
supplemented by measurements of harmonic distortion, frequency response, fre- 
quency-modulation distortion, damping of bass resonance, time delay for 60 db in- 
crease in sound pressure, transient decay characteristics (Shorter's method), and sub- 
harmonics— see Chapter 20 Sect. 7. 

The ear is the only judge of tonal balance. 

In any acoustical test, the sound level should be that of normal loudspeaker opera- 
tion. 
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SECTION 1 : INTRODUCTION 

(*") The purpose of tone compensation (ii) Tone control (Hi) General considerations 
(iv) Distortion due to tone control (v) Calculations involving decibels per octave (vi) 
Attenuation expressed as a time constant (vii) The elements of tone control filters 
(viii) Fundamental circuit incorporating R and C (ix) Damping of tuned circuits 
(x) Tolerances. 

(i) The purpose of tone compensation 

An " ideal " audio frequency amplifier is one having a response which is linear and 
level (i.e. " flat ") over the whole a-f range. An amplifier which has a drooping 
characteristic at the extremes of its frequency range may be made practically flat by 
the incorporation of a suitable degree of bass and treble boosting. This device is 
adopted in studio amplifiers where rigid tolerances are imposed on the frequency 
response of each amplifier or unit, and also in video and wide-band amplifiers where 
the frequency range is so great that conventional a-f designs are unsatisfactory. 

(Refs. 35, 38, 53 are typical.) 

Studio microphones and pickups are " equalized " by a suitable filter to give a 
flat response. Thus any input source may be connected to any amplifier or amplifiers, 
and the overall result will be flat, since each unit in the chain is flat. 

A different approach is usually adopted in complete units such as home gramo- 
phones where the whole is always used as one unit, and where we are only concerned 
with the overall performance. 
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In such a case it is possible to vary the frequency response of the amplifier so as to 
compensate for certain components such as pickups or loudspeakers which do not 
have a flat response. 

All these are examples of tone compensation, the purpose of which is to give a flat 
overall frequency characteristic. 

(ii) Tone control 

A tone control is a variable filter (or one in which at least one element is adjustable) 
by means of which the use'r may vary the frequency response of an amplifier to suit 
his own taste. 

Tonal balance is covered in Chapter 14 Sect. 4(ii). 

(iii) General considerations 

It is usual to regard the middle range of audio frequencies from say 500 to 2000 c/s 
as the " body " of musical reproduction, with 1000 c/s as the reference frequency. 

Thus a lower or higher frequency is said to be attenuated if it is reproduced at a 
lower level than 1000 c/s or boosted if it is at a higher level than 1000 c/s. 

An equalizer for a pickup or microphone is usually placed either between the source 
and the first amplifier valve or, if this is at a low level, between the first and second 
amplifier valves. 

All sources of input voltage should have a frequency range which is more limited 
than the range which the amplifier and loudspeaker are capable of handling without 
noticeable distortion. In other words, no voltage should be applied to the input 
terminals of the amplifier which has a frequency lower than the low frequency limit 
of the amplifier and loudspeaker or a frequency higher than the high frequency limit 
of the amplifier and loudspeaker. If this does not hold, it is highly desirable to limit 
the frequency range of the input voltage, either at one or both ends of the range as 
required, by means of a suitable filter (see Sects. 3 and 6 below), inserted before the 
input terminals of the main amplifier. If there is a pre-amplifier followed by a main 
amplifier, the filter may be inserted between the two. 

If a tone control is to be fitted to an amplifier, its position is of considerable im- 
portance, the only exception being when the amplifier has low distortion at all fre- 
quencies with a loudspeaker load. In an amplifier using a pentode or beam power 
amplifier without negative feedback, it is desirable to fit a r.c. filter across the primary 
of the output transformer. This may be fixed, with a supplementary tone control 
elsewhere, or it may form the tone control itself. In most amplifiers it is desirable 
to connect a small capacitance (say 0.001 /uF for a 5000 ohm load) directly from the 
plate of the output valve to earth, or from the plate of each output valve in the case of 
push-pull operation. This assists in by-passing any radio or ultrasonic audio-fre- 
quencies which may be present, without having much effect on the frequency response. 
Its capacitance might be increased with advantage if some attenuation of the highest 
frequencies is permissible. 

In a typical radio receiver without negative feedback, the tone control may be in 
the plate circuit of the power valve, in the coupling circuit between the first a-f ampli- 
fier valve and the power valve, or in the grid circuit of the first a-f valve. 

If an amplifier incorporates negative feedback, the tone control may be incorporated 
in the feedback network (see Sect. 9 below) or else should be connected to a part of 
the amplifier which is external to the feedback loop. 

Tone controls may be continuously variable or stepped. The more complicated 
types are stepped but, like a studio attenuator, the steps may be made barely per- 
ceptible. 

(iv) Distortion due to tone control 

Tone control frequently has a pronounced effect on the effective distortion due to 
stages in the amplifier preceding the tone control filter. Treble attenuation results 
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in a reduction in the amplitude of harmonics compared with that of the fundamental 
— that is a reduction in the harmonic distortion — provided that the predominant 
harmonics are within the attenuation range. In general, intermodulation distortion 
is also reduced by treble attenuation, subject to the same limitation. 

On the other hand, any form of treble boosting will increase the effective distortion 
at any frequency so long as the harmonics are accentuated by the treble boosting with 
respect to the fundamental ; the same also applies to intermodulation distortion. 
This is one of the reasons why treble boosting is not widely used, or is limited to a 
very slight rate of boosting. 

If an amplifier naturally has some treble attenuation, and is equalized by the correct 
amount of treble boosting, the distortion will be the same as though the amplifier had 
a naturally flat characteristic. However, in the case of a radio receiver, effectively 
having a treble attenuation through side-band cutting, the distortion at the output 
terminals will be greater than that at the second detector if treble boosting is used, 
even if the a-f amplifier distortion could be zero. 

Bass boosting gives a reduction in harmonic distortion provided that the funda- 
mental frequency is amplified more than the harmonics, which condition holds over 
a limited frequency range. 

Bass attenuation gives increased distortion over a limited frequency range where 
the harmonics are amplified more than the fundamental. 

References to distortion : 3, 61. 



(v) Calculations involving decibels per octave 

The rate of attenuation, or of boosting, is usually given in the form of so many 
decibels per octave. For example, a simple shunt condenser across a resistive net- 
work produces an ultimate treble attenuation of 6 db /octave — see Chapter 4 Sect. 8(ii) 
and Fig. 4.38. Ultimate attenuation is normally in multiples of 6 db /octave — e.g. 
6, 12, 18 and 24 db/octave. Actual values of attenuation may differ from the ulti- 
mate values, particularly in the range from to 7 db. 

In some cases the frequencies at which readings are taken do not conveniently cover 
an exact number of octaves. In such a case the following procedure may be adopted. 

(A) To convert db/specified frequency ratio to db/octave 



Frequency 


Multiply db/specified 


ratio 


frequency ratio by factor 


1.2 : 1 


6.02 


to give db/octave 


1.25 : 1 


3.10 


» 


55 55 


1.33 : 1 


2.43 


55 


55 ;3 


1.5 : 1 


1.71 


55 


55 55 


2: 1 


1.00 


55 


55 59 


3: 1 


0.63 


55 


55 55 


4: 1 


0.50 


55 


55 55 


5 : 1 


0.43 


55 


55 55 


6: 1 


0.39 


55 


55 55 


7: 1 


0.36 


55 


53 55 


8: 1 


0.33 


55 


55 55 


10: 1 


0.30 


55 


53 55 



Example— A change of 0.7 db occurs with an increase of frequency from 1000 to 
1250 c/s. What is the rate of change in db/octave ? 

Rate of change = 0.7 x 3.10 = 2.17 db/octave. 

Note. A table relating frequency ratio, octaves and decades is given on page 368. 
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(B) To convert db/octave to db/specified frequency ratio 



Frequency 


Multiply db/octave 






ratio 


by factor 








1.2 : 1 


0.263 to 


give 


db/specified 


frequency 


ratio 


1.25 : 1 


0.322 


i> 


» . 


>} 


33 


1.33 : 1 


0.412 


a 


» 


» 


33 


1.5 :1 


0.585 


33 


>} 


33 


33 


2: 1 


1.00 


33 


» 


33 


33 


3: 1 


1.59 


33 


» 


33 


33 


4: 1 


2.00 


33 


» 


33 


33 


5:1 


2.33 


33 


» 


33 


33 


6: 1 


2.59 


33 


»> 


33 


33 


7: 1 


2.81 


33 


jj 


33 


33 


8: 1 


3.00 


33 


j> 


33, 


33 


10 : 1 


3.33 


33 


33 


33 


33 



Example — What is the change in level for a frequency ratio of 1.5 to 1 when the 
rate of change is 6 db per octave ? 

Change in level = 0.585 x 6 = 3.51 db. 

(vi) Attenuation expressed as a time constant 

In F-M receiver design it is common practice to express the degree of pre-emphasis 
(treble boosting) in the transmitter as a time constant of so many microseconds, and 
the degree of de-emphasis (treble attenuation) in the receiver in the same form. The 
two methods are fundamentally related because the time constant in seconds is equal 
to RC where R is the resistance in ohms and C is the capacitance in farads. In the 
general case 

attenuation in db = — 10 log 10 (1 + w a r a ) 
where co = 2-nf 

T = CR = time constant in seconds 
and R = total effective resistance of supply network. 
In the particular case where T = 75 microseconds and / is expressed in Kc/s, 
this becomes 

attenuation in db = - 10 log 10 (1 + 0.222/ 2 ). 
A de-emphasis curve for a time constant of 75 microseconds is given in Fig. 15.1. 
This curve, like all other curves of this class, has an ultimate rate of attenuation of 
6 db/octave. 




FREQUENCY C/S ,jKW '^^OOO 

75 MICROSECOND 0E- EMPHASIS CURVE 

Fig. 15.1. De-emphasis curve with time constant of 75 microseconds, as used in 

F-M receivers. 
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(vii) The elements of tone control filters 

Tone control filters are networks including at least two of the basic elements — 
resistance, capacitance and inductance. In adjustable tone controls it is simplest 
to use the resistance as the variable element, since continuously variable resistors are 
available. To vary capacitance or inductance values, it is necessary to use separate 
components or tappings, with a step switch. 

In radio receivers and home amplifiers it is usual, wherever possible, to avoid using 
inductors for tone control purposes. This is firstly because inductors are generally 
more expensive than condensers, and secondly inductors are very prone to pick up 
hum unless elaborate and often expensive precautions are taken. An additional 
reason is that inductors with the desired values of inductance and tolerances are not 
usually stock lines. 

The inductance of an inductor with any form of iron core is not constant, but is 
affected by the applied alternating voltage, the frequency, and by any direct current. 

When a composition " potentiometer " is used with the moving arm in the grid 
return circuit of a valve, there will be additional noise caused by the movement of the 
arm. In such a case, the subsequent amplifier gain should be low. 

(viii) Fundamental circuit incorporating R and C 

The circuit shown in Fig. 15.2 may be used for the purpose of obtaining many 
forms of tone compensation. The values of the six components may be varied as 
desired to provide bass boosting or attenuation as well as treble boosting or attenuation, 
It is to be understood that the choice of values extends from zero to infinity, this 
being equivalent to the optional short-circuiting or open-circuiting of any one or more 
resistors or condensers. This form of filter is intended for use with a constant input 
voltage (E { ). This holds approximately when a triode valve is used. 



Fig. 15.2. Fundamental circuit incorporating 
R and C for use with a constant input voltage. 




(ix) Damping of tuned circuits 

When tuned circuits are used for purposes of tone control, the damping should be 
sufficient to reduce the " overshoot " to a small value when a unit step (pulse) input 
is applied to the amplifier. This overshoot may be reduced to a small value if Q 
does not exceed 0.7. Under no circumstances should Q exceed 1.0 by more than a 
small margin. Insufficient damping results in distortion of transients. 

(x) Tolerances 

In all cases where a tone control, tone compensating network or filter is required 
to have specified frequency response characteristics, the elements of the network 
must be specified within narrow tolerances, and should preferably also be tested 
after delivery by the component manufacturer. Even in cases where the response 
characteristic is not specified, the effect of normal tolerances with capacitors, resistors 
and inductors is to cause a wide " spread " of response characteristics since the toler- 
ances are sometimes cumulative. 

When a single item of equipment is being built, it is important to check either the 
values of the critical components or the overall response characteristic, or preferably 
both. 
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SECTION 2 : BASS BOOSTING 

(i) General remarks (ii) Circuits not involving resonance or negative feedback 
(Hi) Methods incorporating resonant circuits (iv) Circuits involving feedback (v) Re- 
generation due to negative resistance characteristic. 

(i) General remarks 

Bass boosting, either for tone compensation or tone control, implies that the gain 
of the amplifier at 1000 c/s must be reduced sufficiently to permit the full gain to be 
available for amplifying bass frequencies. For example, if the maximum amplifier 
gain is 56 times (35 dbvg*), and a maximum bass boost of 15 db is required, then the 
gain at 1000 c/s cannot be more than 20 dbvg*. 

Bass boosting for tone control purposes may be used to provide better tonal balance 
at acoustical levels lower than the original sound, and is generally controlled man- 
ually — for automatic control see Section 10, Bass boosting increases the power 
output from the power valve and loudspeaker at low audio frequencies, and therefore 
tends to cause overloading if used at maximum volume ; this effect does not occur 
at lower volume levels. When using bass boosting, the apparent loudness at which 
overloading occurs is less than that without bass boosting. For this reason, bass 
boosting should be used with discretion except in amplifiers having ample reserve of 
power. 

For general tone control purposes in typical radio receivers and amplifiers, a bass 
boost variable from zero to + 6 db is a good compromise. This involves, at maximum 
bass boosting, four times the power without bass boosting. Any increase beyond 
6 db would involve a careful analysis of the whole design. 

The bass boost should reach its maximum value at some suitable frequency, say 
75 c/s, and should fall fairly rapidly below this frequency. There should be zero 
boost or even attenuation at the minimum frequency which the amplifier and loud- 
speaker are capable of handling without distortion. 

Bass boosting should not extend appreciably above a frequency of 250 c/s at maxi- 
mum volume, or the male voice will sound unnatural. When the boosting is only 
used at lower levels this limitation does not hold. 

Some of these limitations are removed by the use of automatic frequency-com- 
pensated tone control (Sect. 10). 



Fig. 15.3. Conventional bass boosting circuit 
(plate shunt compensation). 



(ii) Circuits not involving resonance or negative feedback 
(A) Conventional bass boosting circuit (Fig. 15.3) 
(also known as plate shunt compensation) 

The bass boosting is due to the increasing impedance of C 2 as the frequency is 
lowered. It is assumed here that the reactance of C is negligibly small compared with 
R t ; in practice the value of C may be selected to give attenuation below a specified 
frequency. R 2 should be at least 20 times i? 4 and preferably higher. The top limit 
is the maximum grid circuit resistance permitted for V 2 ; if V 2 is a resistance coupled 
stage, see Chapter 12 Sect. 2(iii)E and Sect. 2(iv) for triodes, or Sect. 3(iv) and Sect. 
3(v) for pentodes. If V 2 is a power valve, R 2 will usually be limited to 0,5 megohm 
for cathode bias. 

*DecibeIs of voltage gain — see Chapter 19 Sect. i(vi)A. 
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The resistor R x is intended to reduce distortion through low a.c. load impedances 
connected to the plate circuit of V x \ it may be omitted if the stage is operating at a 
low level or if i? 4 is not less than twice the plate resistance of V v A suitable value is 
not less than 2r v in the case of a triode or not less than 2R L in the case of a pentode. 
The resistor R x also has the effect of decreasing the gain at high frequencies more 
than at low frequencies, thereby increasing the ratio of gains at low and high fre- 
quencies. 
It may be shown that 

u. 

Gain at high frequencies = -^ — , __ /D V1 — , D /D , N , „ /D , (1) 



where R' = R 2 R t KR 
Gain at zero frequency = 



(1 + rJR L ){\ + RJEF) + rJR' 
+ R*) 



(2) 



(3) 



(l+rJR L Xl +R l /R 2 )+r v /R 2 

... , R* f(X/r, + i/R L )Ri + i - Ri/R*\ 
B - ra„o of gaans _ 1 + ^{ (^ + l/R^i +R^ + 1 } 

As a sufficientiy close approximation, RJR 2 may be taken to have a value as indicated 

below : 

Boost 6 10 15 20 db 

RJR* 0.1 0.05 0.02 0.01 approx. 

Using this approximation, we may determine the value of R 4 to provide any desired 
ratio of gains, that is the bass boost expressed as a ratio (B) : 

^^B-lXa/r. + l/R^R.+R^ + l J w 

where B = ratio of amplification at zero frequency to amplification at high fre- 
quencies. 
Typical values of resistors are given below : 





General case 


Valve type 6J5 


Valve type 6AV6 


Plate resistance 


r* 


7 700* 


62 500*ohms 


Rl 


5 r„ 


50 000 


220 000 ohms 


Ri 


2 r„ 


20 000 


120 000 ohms 


R * 


20 r, 


500 000 


1 000 000 ohms 


R 4 for 6 db boost 


2.4 r v 


25 000 


140 000 ohms 


Ri for 10 db boost 


1.1 r P 


11600 


67 000 ohms 


Ri for 15 db boost 


0.53 r v 


5 500 


30 000 ohms 


Gain at high frequencies 


'. 






6 db boost 


0.36 > 


7.6 


30 times 


10 db boost 


0.22 /i 


4.7 


19 times 


15 db boost 


0.13 u. 


2.6 


10 times 



A typical example incorporating a pentode is Fig. 15.37A (Sect. 8). 
The procedure in design is 

(1) to determine the desired total bass boost in db from high frequencies to zero 
frequency. 

(2) to select a suitable valve type. 

(3) to assume suitable values for R L , R 1 and R 2 . 

(4) to calculate the value of JR 4 to give the desired boost, using eqn. (4). 

(5) to determine a suitable value for C (this may be done by following Chapter 12 
Sect. 2(ii), assuming R x + R z to be the effective value of R gZ ). 

(6) to determine the value of C 2 to give the required position of the boosting curve 
on the frequency characteristic, as described below. 

Frequency characteristics 

The shape of the frequency characteristic is determined solely by the amount of 
the total boost in db (Fig. 15.4). It is convenient to consider the frequency at which 
each characteristic reaches half the total boost in decibels, and to call this the " half- 



*As normal Class Ai amplifier. Higher values are to be anticipated for resistance-coupled conditions. 
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FIG. 15.4 



Total boost 


20 


Half-boost 


10 


Boost ratio (B) 


10 


R/X for half-boost* 


3.16 


c,t 


3.16/ 



10 6 


3 db 


5 3 


1.5 db 


3.16 2.0 


1.41 


1.78 1.41 


1.19 


1.78/eoK 1.41/eoK 


1.19/ wR F 



Fig. 15.4. jBoss boosting frequency characteristics. These are quite general and may 
be applied to any r.c. boosting provided that the value of the total boost in db is 
known. See text for value R/X (Re/. 10). 

boost point." It will be seen that the frequency of the " half boost point " (/„) in- 
creases as the total boost increases. 

15 

7.5 

5.62 

2.37 
_ oR 2.37 /wR 

* (R/X) = \/B at half-boost point, 
t C a = l/(a)^) = (R/X)/(coR) and u> = 2irf Q 

where R = [r^/Cr, + R L )] + R 1 + R t (Fig. 15.3) 

and /„ = frequency at half-boost point. 

The slope of the frequency characteristic at the half-boost point, which is 
very nearly the point of maximum slope, is approximately : 
Total boost 20 15 10 6 3 db 

Slope at half-boost point 4.9 4.1 3.0 2.0 1.0 db/octave 

If a tangent is drawn to the curve at the half-boost point, it will be seen that the 
slope of the frequency characteristic does not fall off to any appreciable extent from 
the. half-boost point to the three-quarters boost point (i.e. 75% of the total boost in 
db). The falling off in slope does not cause a difference of more than 1 db between 
the curve and the tangent up to 90% of the total boost in db, the reading of 90% being 
taken on the tangent. 

This circuit may be applied to continuously variable bass boosting by using a variable 
resistor in place of R i3 but this has the effect of varying the amplifier gain at the middle 
audio frequencies and hence varying the apparent loudness. One possible alternative 
which avoids this defect, is to put a high variable resistor (say 0.5 megohm logarithmic 
taper) across C 2 . This method gives a variation in total boost without much change 
in level of the middle frequencies, but the shapes of the frequency characteristics 
are not the most desirable for tone control purposes — Fig. 15.5 ; see also (D) below. 



1S.2 (ii) (A) CONVENTIONAL BASS BOOSTING CIRCUIT 643 

Several values of C 2 may be selected by means of a tapping switch, leaving the total 
boost unchanged, but this merely moves the frequency characteristic horizontally 
and is not satisfactory, on its own, for tone control purposes. 




g s -ofl 



R,>50,p00A 
: R 4 «^XXMl 
R,>C 2 -OI H F 



OUTPUT 



:2: 



20 



8 § § § 

-=■ ci~ up O 

FREQUENCY C/S 

Fig. 15.5. Frequency characteristics with conventional bass boosting circuit, having 
variable resistor across C 2 (Ref. 9). 

A modification which has some advantages is shown in Fig. 15.6. Here R 2 has been 
moved from the grid circuit of V % to reduce the shunting effect on -R 4 and C 2 . The 
total grid circuit resistance of V z is (R t + R 2 ). Ref. 11. 

References to conventional bass boosting circuit — 9, 10, 11, 20, 23, 38, 51, 55. 

(B) Plate series compensation (Fig. 15.7) 

This is a simple method of providing a fixed amount of bass boosting which uses 
the plate decoupling circuit. It is generally limited to use with r.c.c. pentodes. 
With the values of components shown, the frequency response curves for two values 
of C are given in Fig. 15.8. 

References to plate series compensation : 38, 52, 53. 





Fig. 15.6. Modified 

Fig. 15.3. 



form of 



Fig. 



15.7. Bass boosting — plate 
series compensation. 



(C) Grid series compensation 

This is the same in principle as plate series compensation (Fig. 15.7) except that 
C r is taken to a tapping point on R B instead of on R L . This is often preferred in 
wide-band amplifiers as C x will be smaller for the same frequency characteristic than 
with plate series compensation. 

Reference to grid series compensation : 38. 
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FIG. tS.8 



Fig. 15.8. Frequency characteristics with the circuit of Fig. 15.7, V x = 6J7, 

R L --= 0.05 MQ, 2?x = 0.2 MQ, R k = 2000 Q, C k = 25 pF, i? s = 1.5 MQ, 

C s = 0.1 (iF, C = 0.02 /iF, R B = 1 Af f2. 

(D) Improved variable bass boost 

A method for obta inin g continuously variable bass boost having improved shape of 
the frequency characteristics, is incorporated in the bass and treble boost circuit of 
Sect. 8(x)K and Figs. 15.55 and 15.56A. 

(iii) Methods incorporating resonant circuits 

Resonant circuits give greater flexibility than those incorporating only capacitance 
and resistance. They are limited, however, to values of Q not greater than 1 (Ref. 54) 
and preferably not greater than 0.7 — see Sect. l(ix). 

(A) Parallel resonant circuits 

A parallel resonant circuit, which may be connected in the plate circuit of a r.c.c. 
pentode (Fig. 15.9) provides boosting in the vicinity of its resonant frequency, with 
maximum boost at its resonant frequency. For bass boosting the resonant frequency 
is often between 50 and 120 c/s, although higher and lower frequencies are sometimes 
adopted. 

The inductor L t has to carry the greater part of the plate current of V x (several 
milliamperes in a typical case) and should have a butt joint or air-gap to reduce the 
effect of the plate current on the inductance. 



FIG. IS.9 




»-B- 



Fig. 15.9. Bass boosting with parallel resonant tuned circuit in plate circuit. 
Fig. 15.10. Bass boosting with parallel resonant tuned circuit in grid circuit. 

In all circuits of this type, it is advisable to select a high L/C ratio in order to give 
the highest gain for a fixed amount of boosting. 

Q = o>oCR, (5) 

For the limiting value of Q — 1, 



15.2 (iii) (A) PARALLEL RESONANT CIRCUITS 645 

R s > l/w C (6) 

where R s = equivalent total shunt resistance in ohms 

ft» = 2-nfo 

/ = frequency of resonance in c/s 

LCa> 2 = 1 

L = inductance in henrys 

and C — capacitance in farads. 

Typical values for a resonant frequency of 70 c/s are : L x = 51.5 H, C x = 0.1 juF, 

R x = 22 000 Q, R L1 = 3 900 Q, R„ = 0.47 M.Q, total bass boost 15 db at 70 c/s, 

Q = 0.93. The exact value of R t will be influenced by the winding resistance of 

Lx — the value given above is on the assumption that the winding resistance is zero. 

An alternative arrangement which has the advantage of avoiding direct current flow 

through the inductor is Fig. 15.10 — this has the resonant circuit in the grid circuit 

of V z . As a result, it is possible to use a higher value of L and to shunt the tuned 

circuit by a variable resistor as a control. Typical values for/ = 70 c/s are : 

R L = 0.1 MQ, Ri = 50 000 Q, R 4 = 50 000 Q, L 2 = 250 H, C 2 = o!o2 pF, and 

R 2 — 0.5 M.Q maximum. In this case the winding resistance of L 2 must be taken 

into account. 

Let r % = winding (series) resistance of L 2 

R e = equivalent shunt resistance corresponding to r 2 

then R . = LJC*r» (7) 

The total shunting on the tuned circuit is therefore R e in parallel with R s in parallel 

with (R L + R t + Rd. 

If r 2 is 10 000 ohms*, then 

R e = 250/(0.02 x 10 -• x 10 000) = 1.25 megohms 

R s — 0.5 megohm (max.) 

(R f + R t + R*) = 100 000 + 50 000 + 50 000 = 0.2 megohm. 

1111 

Then — = 1 \ 

R 1.25 Mfl ^ 0.5 Mfl ^ 0.2 M£ 

Thus R = 0.13 megohm = total shunting resistance 

and Q — 1.15 at maximum setting of R 2 and would normally be below 1.0. 

(B) Series resonant circuits 

A series resonant circuit has a low impedance at the resonant frequency and a gradu- 
ally increasing impedance at frequencies off resonance. These are used in combined 
bass and treble controls (Sect. 8) and in circuits incorporating negative feedback 
(Sect. 9). 

(C) Transformer primary resonance 

When parallel feed is used with an a-f transformer, the coupling capacitance C may 
be made to resonate with the primary inductance of the transformer. By this means 
a limited degree of bass boosting is provided. See Chapter 12 Sect. 4(xii) and Fig. 
12.24. The Q should not exceed unity. 

The same principle holds when an inductor (choke) is used in the grid circuit, with 
parallel feed, 

References to methods incorporating resonant circuits : 51, 54. 

(iv) Circuits involving feedback 

(A) Amplifiers with feedback over several stages 

This is dealt with in Section 9. 

(B) Negative current feedback 

Negative current feedback may be applied by omitting the cathode capacitor on 
the power amplifier valve. This increases the output resistance and provides a close 
approach to a constant current source for the loudspeaker. It has the effects of 
peaking the loudspeaker at the bass resonant frequency, reducing the damping on the 

*This value is typical for a silicon steel core. Very much lower values are typical for mu-metal cores. 
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loudspeaker, and decreasing the stage gain, 
count of its short-comings. 



This device is usually avoided on ac- 



(C) Conventional circuits with decreased negative feedback at bass fre- 
quencies 

One very popular circuit is Fig. 7.33 [Chapter 7 Sect. 2(vi)] which gives feedback 
over two stages — this has been adapted to provide bass boosting in Fig. 15.11 (Ref. 58). 
As explained in Chapter 7, this circuit inherently tends to give a slight degree of bass 
boosting — the boosting is continuously variable from 1.3 db to 12 db using 1000 c/s 
as the reference frequency. Fig. 15.12. As a modification, the feedback may be taken 
from the secondary of the transformer — it is advisable to check experimentally to see 
that the phase rotation due to the transformer does not adversely affect the frequency 
characteristics. 



-wwy* 



•OSuir '^f 




Fig. 15.11. Two stage 
amplifier with negative 
feedback over both stages 
providing bass-boost tone 
control (typical applica- 
tion). 
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Fig. 15.12. Frequency 
characteristics of amplifier 
in Fig. 15.11. Condition 
(1) tone control max. resis- 
tance (2) three quarters 
max. (3) half max. (4) one 
quarter max. resistance. 
The curves have been super- 
imposed to coincide at 
1000 c/s. 
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Another possible circuit is Fig. 15.13 (Ref. 36) in which the feedback is taken from 
the plate to the grid through C and R £ . The response is given by 

(1 - a)(l + ja> /v) (8) 

where <o — a/[CR 2 (l — a)] 
and a ±= proportion added to the original signal by the setting of VR X . 

Typical values are : R ± = R, = 1 Mfi, R = 0.22 NW, C = 200 nnF, giving 
o) /2tt = 250 c/s when a = 0.25. The resistance of VR X and VR t should be high, 
preferably with VR 2 greater than VR X and R a = VR X . 

Still another possible circuit is Fig. 15.14A in which feedback is taken from the 
cathode of the second stage to a resistor at the earthy end of the volume control feeding 
the grid of the first stage (Ref. 65). It is stated that this gives 10 db of negative feed- 
back at middle and high frequencies and 3 db of positive feedback at low frequencies, 
equivalent to 13 db bass boost. 
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Fig. 15.13. Single stage amplifier giving bass boosting with adjustable frequency 

characteristic (Ref. 36). 
Fig. 15.14A. Two stage amplifier giving 13 db effective bass boost (Ref. 65). 

In Fig. 15.14B a capacitance is inserted in the feedback network from the plate 
of V 2 to the plate of V u with r.c. coupling between the stages. This capacitance 
provides a fixed amount of bass boosting which is generally limited to about 6 db maxi- 
mum (Ref. 68). 
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Fig. 15.14B. Amplifier with 
0.005 /xF condenser in feed- 
back network to provide bass 
boosting. V 2 is a power 
amplifier valve (Ref. 68). 
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A circuit using an inductor in the feedback network is Fig. 15.54 — this may be 
used for bass boosting only by omitting C 2 and 2? 4 . 

A particularly interesting circuit is Fig. 15.15 which incorporates a parallel-T net- 
work in the feedback loop (Ref. 57). In the figure the parallel-T network is tuned 
to 80 c/s, but it may be tuned to any other desired frequency. The frequency charac- 
teristic is shown in Fig. 15.16. 

There have been many other applications of negative feedback to provide bass 
boosting which have appeared in articles and patents, too numerous to give in detail. 
Some are given in the References (Sect. 15). 

See also Sects. 4, 8, 9, 10 of this chapter, and Chapter 17, Sect. 5. 

FIG. 15.-16 
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Fig. 15.15 
Fig, 



Single stage amplifier incorporating a parallel-T network in the 
feedback loop (Ref. 57). 
15.16. Frequency characteristics of circuit shown in Fig. 15.15 (Ref. 57). 
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(v) REGENERATION DUE TO NEGATIVE RESISTANCE 15.2 
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Fig. 15.17. Circuit providing 

bass boosting due to a negative 

resistance characteristic of the 

valve (Ref. 2). 



(v) Regeneration due to negative resistance characteristic 

A circuit which has interesting possibilities is Fig. 15.17 (Ref. 2). It is capable of 
very high degrees of bass boosting in the bass without having any appreciable effect 
at frequencies above 300 c/s (Figs. 15, 18A and B). Since the circuit depends on 
the negative resistance characteristics of valves, it is subject to larger variations than 
usual between valves, and is not recommended for quantity production without careful 
investigation in conjunction with the valve manufacturer. 

The frequency of the peak response is determined largely by the values of C, g and 
Cam- The greater the capacitance of C t , the sharper will be the bend of the knee 
of the response curve and the lower the gain between 100 and 500 c/s. 
Coupling condenser C b i may be considered as regulating the amount of coupling 
between C ae and C gm with some effect on the shape of the lower end of the curve. 
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15.18 (A and B). 


Bass boosting characteristics produced by circuit 


of Fig. 



15.17 (Ref. 2) 
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SECTION 3 : BASS ATTENUATION 

(t) General remarks (») Bass attenuation by grid coupling condensers (iii) Bass 
attenuation by cathode resistor by-passing (iv) Bass attenuation by screen by-passing 
(v) Bass attenuation by reactance shunting (vi) Bass attenuation by negative feedback 
(vii) Bass attenuation by Parallel- T network (viii) Bass attenuation using Constant k 
filters (ix) Bass attenuation using M-derived filters. 

(i) General remarks 

It is desirable for any amplifier to have bass attenuation, although the frequency 
at which attenuation commences, and the rate of attenuation, should be carefully 
determined during the design. 

Shortwave receivers are often fitted with about 6 db /octave attenuation below about 
150 c/s. In multi-band receivers the attenuation may be incorporated only on the 
bands where it is desired. A preferable arrangement is to incorporate a choice of 
two or three bass cut-off frequencies, say 150, 250 and 400 c/s— this is usually only 
practicable in communication type receivers. This extreme attenuation is only usable 
under bad conditions for barely intelligible speech. A slight degree of attenuation 
is helpful in eliminating acoustical feedback to gang condensers and valves and other 
minor receiver troubles, as well as giving better listening under average shortwave 
conditions. 

Conventional table and mantel model receivers may have an ultimate attenuation 
of 12 db/octave below say 100 and 150 c/s respectively. Conventional consoles may 
have a similar attenuation below 80 c/s, but this may be extended down to say 60 c/s 
in the case of those having loud-speakers capable of handling the lower frequencies. 
Fidelity amplifiers should have an ultimate attenuation of 18 db/octave below the 
lowest frequency which the loudspeaker and output transformer can handle at maxi- 
mum power output without distortion. Fidelity amplifiers' incorporating negative 
feedback should connect the filter prior tp the main amplifier input terminals. 

(ii) Bass attenuation by grid coupling condensers 

Every grid coupling condenser introduces some bass attenuation, and it is a mattei 
of good design to select a value to provide the best overall performance of the equip- 
ment. The choice of a capacitance to give a known attenuation at a certain frequency 
is covered in Chapter 12 Sect. 2(ii) and Fig. 12.9A. Each coupling condenser gives 
an ultimate 6 db/octave attenuation. If it is desired to eliminate low frequency inter- 
ference or to reduce hum, the coupling condensers may be designed to have identical 
frequency characteristics, thus giving 12 or 18 db/octave attenuation for 2 or 3 stages 
respectively. Even if the grid resistors differ in resistance, the frequency characteris- 
tics may be made the same by maintaining the same value of time constant R C. This 
method does not apply to the design of feedback amplifiers (see Chapter 7 Sect. 3). 

Communication receivers are usually fitted with a switch giving the choice of 2 or 3 
bass attenuation characteristics — this may operate by changing the value of grid 
coupling condenser, or by any other convenient means. 

Typical attenuation/frequency characteristics for 1, 2, and 3 stages having identical 
time constants are given by curves 1, 2 and 3 in Fig. 15.19. 

(iii) Bass attenuation by cathode resistor by-passing 

The attenuation/frequency characteristics of a resistance-coupled triode with by- 
passed cathode resistor are given in Chapter 12 Sect. 2(iii) and Fig. 12.3A for a 
typical case. These frequency characteristics differ from those for grid coupling 
condensers in that they are limited to a maximum attenuation which is usually less 
than 10 db, typical values for r.c. tripdes being from 3.7 to 8 db (Chapter 12). Fre- 
quency characteristics for a typical r.c.c. pentode with by-passed cathode resistor 
are given in Fig. 12.12, the total attenuation being nearly 8 db in this example. 

The shape of a typical attenuation/frequency characteristic is illustrated by Curve 4 
in Fig. 15.19. 
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FIG. IS. 19 



Fig. 15.19. Bass attenuation versus frequency characteristics : (1) Single grid 
coupling condenser (R = 1 megohm, C = 0.005 pF) ; (2) Two stages each with 
identical values of time constant RC ; (3) Three stages each with identical values 
of time constant ; (4) R.c.c. pentode with by-passed cathode resistor (6J7 3 R L = 0.25 
MQ, R k = 2000 Q, C k = 0.5 pF) and screen adequately by-passed. 



(iv) Bass attenuation by screen by-passing 

The attenuation/frequency characteristics of a r.c.c. pentode with a by-passed screen 
are given in Chapter 12 Sect. 3(iii) and Fig. 12.1 1A. These characteristics have the 
same general form as those for cathode resistor by-passing, with a mayimnm attenua- 
tion which is a function of the series screen resistor — with a high resistance series 
resistor a typical maximum attenuation is 24 db (see Chapter 12). Although the 
screen by-pass condenser could be used as a step type tone-control, the use of a low 
capacitance by-pass generally necessitates additional screen filtering for the elimination 
of hum. 

It is possible to design an amplifier so that all grid coupling condensers, cathode 
and screen by-pass condensers have the same attenuation (say 2 db each) at the same 
frequency. In such a case, particularly if there are two or more stages, the rate of 
change of attenuation becomes quite high, although the cathode and screen by-passing 
tends to introduce steps in the characteristic. However, care is necessary with 
tolerances — see Sect. l(x). 

(v) Reactance shunting 

Any inductance, whether a-f transformer or output transformer, causes ultimate 
6 db/octave attenuation below a certain frequency. If the amplifier is to provide 
good fidelity, it is advisable to design so that this frequency is below the lower fre- 
quency limit of the whole amplifier. In other cases, the cut-off frequencies may be 
made to coincide for more rapid attenuation — however see Sect. l(x). 

If a transformer primary is resonated with the coupling capacitance, in the case of 
parallel-feed, the ultimate rate of attenuation below the resonant frequency is 12 db/ 
octave. 

Owing to the wide tolerances in inductance normally occurring in quantity pro- 
duction, and to the variation caused by the d.c. and signal currents, it is not con- 
sidered good practice to use the transformer primary resonance for tone control pur- 
poses ; a further contributory factor is the increased valve distortion caused by a low 
impedance load— see Chapter 12 Sect. 4(xii). 
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(v) REACTANCE SHUNTING 
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If it is desired to vary the cut-off frequency of an a-f transformer with parallel feed, 
a variable resistor may be inserted to adjust the equivalent source impedance (R t in 
Fig. 15.20). The low frequency attenuation (Ref. 51) is 

attenuation in db = 10 log 10 [1 + (R/Xtf~[ (1) 

where R = R x + lrjtjj(r 9 + Rj)] 

X x = . <aL x 
and L x = primary inductance in henrys. 

(vi) Bass attenuation by negative feedback 

A network may be inserted in the feedback loop which reduces the feedback voltage 
at middle and high audio frequencies, thus effectively giving bass attenuation (Fig. 
15.21, Ref. 23). Condenser C 2 is merely for blocking the d.c. path, while R u R 2 
and Ci form a voltage divider across the output voltage of V 2 . The voltage drop 
across R t and C ± is applied across i? 3 , thus applying the feedback voltage between V x 
cathode and earth. 





Fig. 15.20. Amplifier, giving variable low-frequency cut-off using a-f transformer 

and parallel feed. 
Fig. 15.21. Amplifier providing bass attenuation by negative feedback (Ref. 23). 

(vii) Bass attenuation by Parallel-T network 

The parallel-T network — Chapter 4 Sect. 8(iii) — may be used to provide infinite 
attenuation at one frequency. An example of its application is Fig. 15.22 and the 
frequency characteristic is given in Fig. . 15.23. In its simple form the attenuation 
is severe even at frequencies five times the frequency giving infinite attenuation. One 
suggested way of providing a more level characteristic is to incorporate bass boosting 
around 200 c/s (Ref. 59). 
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Fig. 15.22. Amplifier providing bass attenuation by Parallel-T network (Ref. 59). 

Fig. 15.23. Frequency characteristics of amplifier Fig. 15.22 when V x = typical 

r. ex. pentode, d = 0.001 /xF, C 2 = 0.004 ^F, C 3 = 0.02 /mF,R 1 =R 2 = 2 MQ, 

R L = 0.2 MQ, R„ = 0.5 MQ. The frequency for infinite attenuation is 56 c/s. 

Switch position (1) Fidelity (2) Bass attenuation (Ref. 59). 
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(viii) Bass attenuation using Constant k filters 

If it is desired to achieve a rapid rate of attenuation and a sharp cut-off, it is neces- 
sary to use some form of correctly designed filter incorporating both inductors and 
capacitors. The constant k filter [Chapter 4 Sect. 8(vii)] in its simplest form only 
incorporates 2 condensers and 1 inductor. An example of its incorporation in an 
amplifier is Fig. 15.24 (Ref. 60). This filter is fairly non-critical as regards the induct- 
ance of L, a 2 : 1 variation still giving a reasonable characteristic with, of course, a 
change in cut-off frequency. The frequency characteristic obtained with balanced 
loading is Fig. 15.25 Curve 1 ; when the source impedance is 50 000 ohms and load 
0.5 megohm the frequency characteristic is curve 2, showing the typical rise above 
db due to unbalanced conditions ; curve 3 shows the effect of increasing the 
resistance of the inductor L. 

If sharper attenuation is required, two or more filter sections may be incorporated. 

FIG. 15. 25 
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Fig. 15.24. Amplifier providing bass attenuation by constant k filter (Ref. 60), 
Fig. 15.25. Frequency characteristics of amplifier Fig. 15.24 when V x = typical 
r.cx. pentode, C 1 ^C i .= 0.002 pF ± 5%, C 3 = 1 fiF, L = 70 H with Q = 6 ; 
Curve (1) R 1 =R i = 0.25 M Q ; Curve (2) R x = 50 000 Q, R 2 = 0.5 MQ 
(unbalanced) ; Curve (3) as Curve 2 with additional resistance in inductor to give 

Q = 3 (Ref. 60). 

(ix) Bass attenuation using M-derived niters 

One T section of an M-derived filter may be used to provide a more rapid attenua- 
tion than that of a Constant k filter — see Chapter 4 Sect. 8(viii). The filter itself 
is shown in Fig. 15.26 and the frequency characteristics for balanced and unbalanced 
impedances in Fig. 15.27. Here, also, a considerable tolerance is permissible with the 
value of L and in the degree of mismatching. With mismatehing, the value of R 
may be taken as \/R^(Ret 60). fic.h . 87 




FIG. 15.26 
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Fig. 15.26. One T section of a series M-derived filter. 
Fig. 15.27. Freauencv characteristics of filter Fiu. 15.26 -• Cume (1^ Jf. = R — 
0.25 MQ, C x = 0.0023 fiF, C 3 = 0.024^ L =°74 H; Curve (2) £/ = 50 000 Q, 
R 2 = 0.5 MQ (unbalanced), d = 0.0058 pF, C 2 = 0.035 fj.F, L = 73 H(Ref. 60), 



15.4 (i) STEPPED CONTROLS 

SECTION 4 : COMBINED BASS TONE CONTROLS 
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(0 Stepped controls (ii) Continuously variable controls. 

(i) Stepped controls 

A typical stepped control (Fig. 15.28) has 2 positions giving bass boost, 1 giving 
" flat " response, and 2 giving bass attenuation. The values of capacitance may be 
selected to give the desired frequency characteristics. 

See also Sect. 8 for combined bass and treble tone controls, particularly Figs. 
15.37A, 15.37B, 15.39, 15.40. 

References 17, 50, 54, 55, 64. 
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Fig. 15.28. Step-control giving bass boosting and bass attenuation. 

(ii) Continuously variable controls 

Circuits providing only bass boosting or attenuation with a single continuously 
variable control are not widely used. 



SECTION 5 : TREBLE BOOSTING 

(0 General remarks (ii) Circuits not involving resonance or negative feedback 
(Hi) Methods incorporating resonant circuits (iv) Circuits involving feedback. 

(i) General remarks 

Treble boosting, mainly on account of the increased distortion which it causes, is 
usually avoided altogether or else used only for the purpose of equalizing an un- 
avoidable attenuation in the amplifier at the maximum frequency limit. 

The subject of distortion has been covered in Section l(iv). 

(ii) Circuits not involving resonance or negative feedback 

(A) Conventional treble boosting circuit CFig. 15.29) 

This is an adaptation of the fundamental circuit Fig. 15.2. It may be shown that 

/iRR 2 
Gain at low frequencies = ^ — , D VD , ^ , D • (1) 



(/?! + R^R + r v ) + Rr, 

nR' 
Gain at very high frequencies = 



(2) 



R' +r v 

where R = Rj^ + R 2 )/(R L + R t + RJ 
and R' = RiR L /(R t + Rj). 
Then B = ratio of amplification at very high frequencies to amplification at 
low frequencies 

where R" = r^JiXv + &[)• 
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We may determine the value of R t for any desired value of B from the equation 
R ± = (B - 1%R 2 + R") (4) 

In the ease of pentodes, R" approximates to R L . 

The frequency characteristics for treble boosting have been plotted (Ref. 51 Fig. 
9.18 ; also Refs. 9,55) but for most purposes it is sufficient to work on the " half- 
boost " points as for bass boosting, the curves being approximately symmetrical S 
curves about these points. The values of R/X for the half-boost point are identical 
to those for bass boosting, and not the inverse as might be expected. 
Total boost 
Half boost 
Boost ratio (B) 
(K^i) for half boost* 

C it 

\RJXJ = VB at ha 

td = l/ a X 1 = (/?!/ 
where R t and C x are as shown in Fig. 15.29 
and /o = frequency at half-boost point. 

A variable control may be achieved in various ways (Ref. 9) : 

(a) Varying C x — This can only be done in steps. The result is to change the 
frequency of the half-boost point (see table). 

(b) Varying jRj — This varies the amplification for middle frequencies, and is un- 
satisfactory for tone control purposes. 

(c) Adding a variable resistor in series with d — This is fairly effective but the shapes 
of the frequency characteristics are not ideal for tone control. It is used in a slightly 
modified form in the combined bass and treble boost circuit of Fig. 15.46. 

References to conventional treble boosting circuit : 9, 17, 48, 51, 55. 



FIG. 15.29 
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15.29. Conventional treble 
boosting circuit. 



Fig. 15.30. Treble boosting with 
inductance in grid circuit. 



(B) Using inductance in grid circuit (Fig. 15.30) 

This gives the same shape of frequency characteristics as the conventional treble 
boosting circuit. The same expressions may be used except that in this case 

X t = <»L X and B = R/R X 
where R = \r t fi.J{r 9 + R L )] + R t . 

If 1?! is made variable, it has a very pronounced effect on the gain at middle fre- 
quencies. A preferred method of tone control is to use a step switch and tappings 
on the inductance (see Sect. 8 and Fig. 15.40). 

References 17, 51. 

(C) Correction for side-band cutting 

The methods which may be used for the equalization of side-band cutting in a 
receiver are described in Refs. 3 and 62. 

(iii) IVtcthods incorporating resonant circuits 

Resonant circuits are rarely used for treble boosting tone control since there are 
other preferable methods which give the required performance (Ref. 17). 
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(iv) CIRCUITS INVOLVING FEEDBACK 
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(iv) Circuits involving feedback 

(A) Cathode resistor by-passing 

If a suitable small capacitance is used as a by-pass condenser across any cathode 
resistor, a limited degree of treble boosting will be achieved. In the case of resistance- 
coupled amplifiers the maximum boost is not more than 6 or 8 db. Greater boosting 
may be achieved by increasing the cathode resistor and returning the grid resistor to a 
suitable tapping point in the cathode circuit. 

(B) Network in feedback loop 

The same method may be used as for bass attenuation — see Sect. 3(vi) and Fig. 
15.21. 



SECTION 6 : TREBLE ATTENUATION 

(0 General remarks (it) Attenuation by shunt capacitance (tit) Treble attenuation 
by filter networks (iv) Treble attenuation in negative feedback amplifiers. 

(i) General remarks 

Every amplifier should have a maximum frequency of response, beyond which 
attenuation should be at a rate of not less than a nominal 12 db per octave for con- 
ventional amplifiers or 18 db per octave for fidelity amplifiers. This attenuation 
may be partly prior to the input terminals of the main amplifier or in the early stages 
of the amplifier, and partly (at least 6 db/octave) at the output end. 

Because the simplest methods of treble attenuation have a gradual commencement, 
there tends to occur a rounding of the response curve which may be appreciable at 
the maximum frequency of response. It is suggested that 2 db attenuation at this 
frequency is a reasonable compromise, or even higher attenuation for other than 
fidelity amplifiers, but where an amplifier must be designed within narrow tolerances 
it is generally necessary to use one of the more elaborate methods of attenuation. 

In the case of amplifiers incorporating negative feedback, the filter to provide the 
attenuation must be outside the feedback loop. 

(ii) Attenuation by shunt capacitance 

The theory has been covered in Chapter 4 Sect. 8(ii) under the heading " r.c. low- 
pass filter " with the circuit of Fig. 4.37 ; the attenuation characteristic is given in 
Chapter 4 eqn. (4) and plotted in Fig. 4.38. 



FIG. 15.31 




Fig. 15.31. Typical "tone control" used in 
radio receivers. In a typical case C 2 = 0.05 
fxF, R x = 50 000J2 (max.), V t = power 
pentode with load resistance about 5000 ohms. 



This forms part of the usual " tone-control " in many radio receivers of the less 
expensive class, as illustrated in Fig. 1531. The control is in the form of a variable 
resistance in series with the capacitance which limits its attenuation. A suitable 



656 (ii) ATTENUATION BY SHUNT CAPACITANCE 15.6 

maximum value for the resistance is 10 times the load resistance. In some cases a 
fixed capacitance only is used — typical values are from 0.005 to 0.02 /xF for a loud- 
speaker load resistance of 5000 ohms. In this application the " effective resistance " 
for the calculation of the attenuation will be the loudspeaker impedance in parallel 
with the output resistance (i? ) of the amplifier. 

Tone control by shunt capacitance, when used with discrimination, is fairly satis- 
factory with a flat amplifier operating from an equalized source. It is far from satis- 
factory in selective radio receivers in which the high audio frequencies are already 
heavily attenuated ', this effect is minimized when variable selectivity i-f amplifiers 
are used. One reason for the popularity of shunt capacitance tone control is that the 
intermodulation frequencies produced by the distortion in the pentode or beam power 
amplifier valve are much reduced, and listening thereby made less fatiguing. If 
methods are taken to reduce the distortion, e.g. by negative feedback, the tone control 
may preferably take die form of bass boosting. 

In order to achieve the desired treble attenuation, a shunt capacitance may be placed 
across the source (radio receiver, pickup or microphone), from any grid to earth, from 
any plate to earth or across the output terminals of the amplifier. In each case the 
effective resistance (R in eqn. 4 of Chapter 4 and Fig. 4.38) is the resultant a.c. re- 
sistance between the points across which the shunt capacitance is connected. In 
the case of a r.c.c. pentode it is approximately the load resistance in parallel with the 
following grid resistor, and it does not make any appreciable difference whether the 
capacitance is shunted across the plate load resistor or the following grid resistor, 
owing to the coupling through the grid coupling condenser. Even if no shunt con- 
denser is added, the output capacitance of the valve plus the dynamic* input capacit- 
ance of the following valve plus wiring capacitances provide appreciable treble attenua- 
tion — see Chapter 12 Sect. 2(xi). The effect on treble attenuation may be reduced 
by reducing the plate load resistance ; it may be increased by increasing the plate 
load resistance or by adding shunt capacitance. A typical r.c.c. pentode followed by 
a similar stage has only slight attenuation at 10 000 c/s when the load resistance is 
less than 0.25 megohm. In the case of a r.c.c. triode the effective resistance is the 
plate resistance of the valve (under r.c.c. conditions) in parallel with the load resist- 
ance and the following grid resistance. 

In the general case the effective resistance is given by 

R = R,+ R L 'r 9 /(R L ' + r„) (1) 

where R, — resistance in series with C as part of the tone control, 
R L ' = R L R e /(R L + R.) 
R L = load resistance 
R g — following grid resistance 
and r p = plate resistance of valve. 

With a high-mu triode such as type 6SQ7 the effective input capacitance is of the 
order of 100 [ifiF. If this capacitance is shunted across an effective resistance of 
0.5 megohm, the attenuation is about 10 db at 10 000 c/s. 

The total attenuation at any frequency will be the attenuation at that frequency 
prior to the amplifier plus the sum of the attenuations of the stages in the amplifier 
at that frequency plus the attenuation by the shunt capacitance at that frequency, all 
expressed in db. It is not sufficient to assume an attenuation of 6 db/octave from each 
stage in the amplifier unless all the stages have the same cut-off frequency. In the 
general case it is necessary, for design purposes, to calculate the attenuation of each 
stage or filter for convenient frequencies, e.g. 10 000, 14 000, 20 000, 28 000, 40 000 
c/s and then to add the values in db to determine the overall attenuation characteristic. 
The latter will, eventually, almost reach a slope of 6 db/octave per stage or per shunt 
capacitance, but the knee of the curve will be very rounded unless the cut-off fre- 
quencies are identical. 

♦Under operating conditions, including the " Miller Effect " capacitance from the plate. 
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(iii) Treble attenuation by filter networks 
(A) Constant k low-pass filter 

An approximate Constant k low-pass 77 section filter to provide a nominal treble 
attenuation of 24 db/octave with the choice of several cut-off frequencies is shown 
in Fig. 15.32. This is intended to be connected between a pickup or microphone 
pre-amplifier and the main amplifier. For theory see Chapter 4 Sect. 8(vii) and Fig. 
4.49. In reality only C 2 has been calculated to give a constant k filter for the correct 
terminating impedances, and C x and C 3 have been calculated merely to give the de- 
sired cut-off frequencies leaving L unchanged. Thus it is only a constant k filter 
on tapping 3 and a sufficiently close approximation on the other tappings. A con- 
siderable degree of mismatching is permissible between R x and 7? 2 provided that 
■\ZRxRz = 0.1 megohm. 

The calculation of the constant k filter is based on the expressions : 
L/C = R 2 (see Fig. 4.49C for symbols) 
/o = 1/its/LC where /„ = cut-off frequency. 



Fig. 15.32. Approximate constant k 
low-pass 77 section filter. R t = source 
impedance. WhenR^ = R 2 = 0.1 M.Q, 
L ■= 5 H 3 C 2 = 0.0001, C a = 0.0002 
and C 3 = 0.0004 /*F, the cut-off fre- 
quencies mil be (1) none (2) 10 000 c/s 
(3) 7000 c/s (4) 5000 c/s. 




See 



(B) M-derived filters 

One T section of an M-derived filter may also be used for treble attenuation, 
remarks for bass attenuation. 

(C) Parallel-T network 

The parallel-T network — Chapter 4 Sect. 8(iii)--may be used to provide infinite 
attenuation at one frequency but the rate of attenuation begins very gradually. One 
improvement is described in Chapter 17 Sect. 5(iv) Figs. 17.24B and 24C (Ref. 57). 
See also Sect, ll(iv). 
(iv) Treble attenuation in negative feedback amplifiers 

A network may be inserted in the feedback loop to reduce the feedback voltage at 
low and middle audio frequencies, thus effectively giving treble attenuation. The 
circuit is effectively the same as for bass boosting (Fig. 15.11) except that the capacit- 
ance is selected to give the required frequency characteristics. See also Ref. 23, 
Fig. 9. 

There have been many negative feedback circuits which give a measure of tone 
control among which are — 

(A) Fig. 15.33. This circuit incorporates a very small condenser C (of the order 
of 10 to 100 /A/iF) to provide some negative feedback at the higher audio frequencies 
without seriously affecting the gain. at 400 c/s. This is only fully effective when no 
plate by-pass capacitor is Used. 

C FIG. 15.33 lOOuuF FIG- ,s * 34 



£3ie: 





Fig. 15.33. Power amplifier valve with small condenser C giving negative feedback 
at high audio frequencies {treble attenuation). 
15.34. Power amplifier valve with variable negative feedback at high audio 
frequencies {treble attenuation). 



Fig. 
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(B) Fig. 15.34 is a development of Fig. 15.33 to provide continuously variable 
tone control. The feedback condenser is larger and a potentiometer is used in the 
grid circuit to control the tone. At maximum treble cut it gives an attenuation of 
28 db at 20 000 c/s (Ref. 39). 



FIG.I5.35A 




Fig. 15.35A. Amplifier with variable treble attenuation due to negative feedback. 

Fig. 15.35B. Amplifier with negative feedback providing treble attenuation or 

treble boosting (Ref. 67). 

(C) Fig. 15.35A is a further variation in which R and C form a potential divider 
across the output from V s . At increasing frequencies a larger negative feedback 
voltage is applied, the amount being limited by the variable resistance R. Cx is a 
blocking condenser (Ref. 63). 

(D) For feedback over more than one stage, see Sect. 9. 



SECTION 7 : COMBINED TREBLE TONE CONTROLS 

Treble controls giving a choice of treble boosting or treble attenuation without also 
incorporating bass boosting or attenuation are comparatively rare. Attention is 
directed to Sect. 8 and Figs. 15.37A, 15.37B, 15.39, 15.40, 15.46. 

One example in this class is Fig. 15.35B which provides continuously-variable 
tone control from treble boost to treble attenuation by means of a resistor-capacitor 
network in the feedback circuit (Ref. 67). 



SECTION 8 : COMBINED BASS AND TREBLE TONE CONTROLS 

<i) Stepped controls— general (it) Quality switch (m) Universal step-type tone 
control not using inductors (iv) Universal step-type tone control using inductors 
(v) Fixed bass and treble boosting (vt) Step-type tone control using negative feedback 
(vii) Continuously-variable controls— general (via) Single control continuously- 
variable tone controls (ix) Ganged continuously-variable tone controls (x) Dual 
control continuously-variable tone controls. 

(i) Stepped controls— general 

Stepped controls are capable of better performance than continuously variable 
controls, partly because it is possible to vary two or more component values simul- 
taneously and partly because the attenuation at middle frequencies may be adjusted 
so as to avoid an apparent change in volume as the control is moved. For most radio 
purposes it is sufficient to have two control knobs, one controlling the bass and the 
other the treble, with five positions on each— one " flat," two boosting and two at- 
tenuating with alternative degrees of each. 
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(ii) Quality switch 

An alternative arrangement which is very effective with the non-technical public 
is to select suitable values for each type of listening conditions. For example, one 
manufacturer* has brought out a model with an 11 position tone control as under : 

1. for distant stations, extremely noisy — maximum sensitivity (10% feedback), 
bass normal, treble attenuation severe to counteract static and noise. 

2. for distant stations, noisy — maximum sensitivity, bass normal, treble attenuation 
less severe. 

3. for distant stations, less noisy — maximum sensitivity, bass normal, treble attenua- 
tion still less. 

4. for distant stations, still less noisy — maximum sensitivity, bass normal, treble 
attenuation slight. 

5. for distant stations, slight noise — maximum sensitivity, bass normal, no treble 
attenuation. 

6. for local stations with good fidelity at low volume---reduced sensitivity (25% 
feedback), bass boost, treble boost. 

for fidelity at medium volume — slight treble boost, less bass boost, 
for fidelity at normal volume — ho treble boost, no bass boost, 
for fidelity at normal volume but reducing needle scratch — slight treble attenua- 
tion, no bass boost, 
as (9) but increased treble attenuation, 
as (10) but increased treble attenuation. 



7. 
8. 
9. 

10. 
11 




Fig. 15.36. One form of Quality Switch (Ref. 33). 



An alternative form using a 5 position switch is shown in Fig. 15.36 (Ref. 33). The 
switch positions are 

1. heavy bass attenuation and very limited treble attenuation for very distant re- 
ception, no feedback. 

2. normal bass, heavy treble attenuation, no feedback. 

3. bass attenuation, medium treble attenuation, half feedback. 

4. normal bass, slight treble attenuation, half feedback. 

Note : Positions 1 to 4 inclusive are for use with narrow i-f bandwidth. 

5. normal bass, no treble attenuation, maximum feedback, wide i-f bandwidth, 
for fidelity reception of local stations. 

At low settings of the tapped volume control the capacitance in series with the 
inductance provide a dip at middle high frequencies, thus effectively giving bass and 
treble boost. 



♦Columbus Radio (Radio Corporation of New Zealand Limited). 
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(iii) Universal step-type tone control not using inductors 

A simple form is shown in Fig. 15.37A where treble boost is obtained by cathode 
by-passing (Cx), treble attenuation by shunt capacitance (C 4 ), bass attenuation by 
grid coupling condenser (C 3 ), and bass boosting by the conventional method (C B ). 
Each of these may have two or three values — C x may be 0.01, 0.02, 0.03 fiF ; C a 
may be 0.0025, 0.006 ^F ; C 4 may be 0.002, 0.005 /xF ; C 8 may be 0.02, 0.05, 0.1 /xF. 

IS Moie^F Trimmer ffl . FIG. 15.37 B 
., H F A^ 1^_ 




Fig. 15.37A. Simple universal tone Fig. 15.37B. Step-type tone control 
control not using inductors. not using inductors (Ref. 70). 

An improved form is given in Fig. 15.37B and its frequency characteristics in Fig. 
15.37C (Ref. 70). The 15 /xaiF max. trimmer capacitor is for the purpose of com- 
pensating in the " flat " position for the loss of high audio frequencies caused by stray 
shunt and Miller Effect capacitances when the following stage is a triode. 

Increased rate of boost- 
ing and attenuation is 
obtainable by connecting 
two or more r.c. filters in 
cascade. A step of 6 
db/octave (nominal) is too 
great for a flexible tone 
control, so that networks 
giving reduced rates of 
boosting and attenuation 
may be devised (Fig. 
15.38). These may be 
combined to give any de- 
sired steps. A very com- 
prehensive example is Fig. 
15.39 (Ref. 50) which 
uses two six-pole 11 posi- 
tion control switches. Its 
overall gain is zero db at 
500 c/s at any setting of 
the control switches. 



















FKJ. I5.37C 




























""• 


















K o 

z 

2 

in 

Ul 

* -10 

-ao 






"\ 


s ^ 














X 


"1? 






^< 


"o* 


tl 


\ 




s 
/ 














\ 
























*** 


2 i 


s 


8 


§ 1 


\ 


% 




\ 


i 


1 



Fig. 



FREQUENCY C/S 

15.37C. Frequency response characteristics of the 
circuit of Fig. 15.37B (Ref. 70). 
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Fig. 15.38. Networks giving selected values of decibels per octave for boosting and 
attenuation (Ref. 50). 
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(iv) Universal step-type tone control using inductors 

The treble boosting circuit of Fig. 15.30 may be used, combined with treble attenua- 
tion by shunt capacitance and conventional bass boosting and attenuation. 

A typical example is Fig. 15.40 (Ref. 64 ; see also Refs. 17, 54, 55). The nominal 
slope is 6 db/octave for all positions, but the capacitances and inductances may be 
selected to give any desired frequencies for the commencement of attenuation or 



662 



(iv) TONE CONTROL USING INDUCTORS 



15.8 




FIG . IS.40 



INPUT 



0O4fjF 
0-2MA OOIjjR ' 



2flOOSL > Jaj,F OOOI H F IV - 1/ 




O / »0 — O7VO— — — 07*0— — — -Ot^ - * 




7* Cut Boost 
+ 2SOV L-.Bat* 1 



Boost Cut J 
t'-Tc«bl< '' "±" 



4 ^SfF^ 02 ^ 



fig. 15.40. Universal step-type tone control vising inductors. 

boosting. The inductor may be wound with an air-core as under : Former diameter 
i in. Length between cheeks $ in. Winding wire 40 S.W.G. (or 36 A.W.G) SSE. 
Total turns 6740, tapped at 4520 turns. Layer wound. Total radial depth of wind- 
ing say 0.6 in. 

One defect of this method of treble boosting is the tendency for the inductor to 
pick up hum. 

(v) Fixed bass and treble boosting 

When it is desired to incorporate a fixed amount of bass and treble boosting, as 
for example equalizing the response of a pair of headphones, the circuit of Fig. 15.41 
may be used. For headphone equalizing (Ref. 7) suitable values are C x = 0.0003, 
C t = 0.015 (iF, Rj_ = R t = 0.1 MQ, R s = For bass and treble boost for tone 
control suitable values are (Ref. 25) :— C\ = C z — 0.0002 jtF, R t = 0.2 MG, 
Rt = 0.3 M£, R 6 = 0, giving 16 db bass boost (20 c/s) and 7 db treble boost (10 000 
c/s) relative to 1000 c/s. If R & = 50 000 ohms, other values being unchanged, the 
bass boost is 16 db and treble boost 12 db. 

(vi) Step type tone control using negative feedback 

Circuits providing universal step-type tone control using negative feedback are 
described in Sect. 9 (Fig. 15.58A). 

(vii) Continuously-variable controls — general 

Continuously-variable controls are in two groups, those which have one control 
knob and those which have two or more. A single control knob is obviously limited 
in its capabilities — for example it may be used to provide bass boosting when turned 
in one direction from the centre point, or treble boosting in the other direction, with 
flat response at the centre point. On the other hand, with two control knobs it is 
possible to make any desired combination of bass and treble characteristics. 



FIG. IS.42 





Fig. 15.41. Circuit giving fixed bass 
and treble boosting (Ref. 7). 



Fig. 15.42. Single control continu- 
ously variable tone control (Ref. 22). 



(viii) Single-control continuously variable tone controls 

(A) A typical example is Fig. 15.42 (Ref. 22). When C t goes to the grid end of 
potentiometer R it the bass is attenuated by the grid coupling condenser C v limited 
by R t . When Q goes to the earthed of R b the treble is attenuated by the shunt 
capacitance of C x . 
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Fig. 15.43. More elaborate single control 
continuously variable tone control. Typi- 
cal values are : V x = pentode , i? x = 
5 MQ, R 2 4-R s = 0.25 MQ, i? 4 = 
0.3 MQ, d = 0.0001 .jlF, C, = 0.05 
liF y C 3 = 0.001 fiF (Ref. 62). 



(B) Another example is Fig. 15.43 (Ref. 62) which is capable of giving treble boost 
18 db at 10 000 c/s and bass attenuation 6 db at 50 c/s in one extreme position ; bass 
boost 4 db and treble attenuation 21 db in the other extreme. 

(C) An interesting circuit which gives simultaneous bass and treble boosting, linear 
response, or simultaneous bass and treble attenuation is Fig. 15.43A (Ref. 86). The 
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Fig. 15.43A. Tone control circuit using cross coupled input stage (Ref. 86). 



90 
80 
TO 
60 

50 

40 

30 
1 
20 

10 












































































































































"li 












































E,..B 


t 2 N 


AX 














































































t_ 


Ej'^EjHAX. 
E 5 ..5Ej.MAX. 






































1 1 

E,'.4ExMAX. 












































£,.*! 


E 2 K 


AX 












































P,.0 























































f/f 



FIG. I5.43B 



Fig. 15.43B. Frequency response characteristics of circuit of Fig. 15.43A, the 
value of R t being varied (Ref. 86). 
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two twin triodes form the " cross-coupled phase inverter " — see Chapter 12 Sect. 
6(viii) — which is here used to amplify the difference between the input voltages to 
the 6SN7 grids. The frequency response curves are shown in Fig. 15.43B for differ- 
ent values of R t . The maximum output and the point of zero phase shift occur 
at/// = 1, where /o = 1/2ttRC. The frequency of the peak in the curve may be 
determined by choice of R and C ; in the circuit shown, this frequency is adjustable 
from 360 to 4000 c/s by means of a dual 1 MQ potentiometer. A choice of /„ = 600 
to 800 c/s is pleasing in many cases. 

(ix) Ganged continuously-variable tone controls 

Two or more controls may be ganged and operated by a single knob. One control 
may be the tone control and the other a control of gain so that the apparent output 
level is held approximately constant at all settings. 

(x) Dual control continuously-variable tone controls 
(A) Simple duo-control circuit, Fig. 15.44A (Ref. 22) 

This filter incorporates resistors and condensers only, and R 3 controls the bass 
and Ri the treble. A filter having a similar function is also described in Ref. 31. 

A slight modification of this circuit is Fig. 15.44B which gives either bass or treble 
boosting (Ref. 41). 




_ Treble Boost 

Fig. 15.44A. Simple duo-contr*ipcircuit giving individual control of bass and 
treble. Typical values are : R x = 0.25 MQ ; R 2 = R 3 = 0.5 MQ ; 'R t = 0.25 
MQ; R s =R a = 0.5 MQ ; C, = 0.01 nF ; C 2 = 0.001 (iF (Ref. 22). 
Fig. 15.44B. Simple tone control giving bass and treble boosting (Ref. 41). 

(B) Duo-control circuit incorporating L and C (Fig. 15.45, Ref. 26) 

In this filter, R t controls the bass and R 3 the treble. Hum may be troublesome 
on account of L. 

(C) Cutler duo-control circuit (Fig. 15.46, Ref. 26) 

This filter may only be used to feed into the grid of an amplifier valve ; R t controls 
the bass boost and R 3 the treble boost. The maximum boost is 17 db at 40 c/s and 
15 db at 10 000 c/s, relative to 1000 c/s, with the values shown. 




Fig. 15.45. Duo-control circuit in- Fig. 

corporating L and C (Ref. 26). 




15.46. Cutler duo-control 
circuit (Ref. 26). 
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(D) Paraphase bass-treble tone control (Figs. 15.47A, Ref. 56) 

This is an outstandingly flexible circuit which may be designed for any cross-over 
frequency — 400 c/s in Fig. 15.47A and the curves in Fig. 15.47B. The design pro- 
cedure is : 

1. Choose a cross-over frequency f e . 

2. Choose R ==? 10-R^ where R L = generator impedance. 

3. Make C = l/(2irfJK). 

4. Make K = 10 ; then KR = 10R and C/K = C/10. 

Example : Choose f e = 400 c/s. Say generator impedance = 1000 ohms, then 
select 

R = 82 000 ohms, from which 

C = 1/(2tt x 400 X 82 000) = 0.005 /*F ; C/K = 0.0005 pF. 
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Fig. 15.47A. Paraphase bass-treble tone control (Ref. 56). For value of plate resistor 
marked Treble see Corrigenda on page (viii). 
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Fig. 15.47B. Frequency characteristics of paraphase bass-treble tone control (Fig. 

15.47A) (Ref. 56). 
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(E) Two-stage bass and treble tone control (Fig. 15.48, Ref. 41) 

This employs a twin triode with the treble boost control in the coupling from V x 
to V z and the bass boost control in the coupling from the plate of V 2 to the following 
stage. 

(F) Simple two channel amplifier (Fig. 15.49, Ref. 22) 

Owing to the separate amplifier valves, this circuit does not require the series re- 
sistors 2? 5 and R a used in Fig. 15.44 and has thereby less attenuation in the filter 
network. 

FIG. 15.48 
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\,OOOtL< ;k50pF i toirtor") 




Fig. 15.48. Two-stage bass and treble Fig. 15.49. Simple two channel 
tone control (Ref. 41). amplifier (Ref. 22). 

(G) Wide-range two-channel amplifier (Fig. 15.50, Ref. 31) 

In this circuit V l is an amplifying valve common to both channels, 
V t is a bass amplifier only, while V 3 is a twin triode having one grid fed 
from the bass amplifier and the other from V x through a filter network which 
only passes the higher frequencies. However two plates of V 3 are approximately 
equal in amplitude for all frequencies, owing to the common cathode coupling, and 
opposite in phase, so that the output may be applied directly to a push-pull power 
output stage. The bass amplifier V % is a true bass booster, so that it is not necessary 
to attenuate all except bass -frequencies. The two controls provide (1) flat response 
(2) independent treble boost (3) independent bass boost equal to the gain of V % . If 
it is desired to add treble attenuation, the filter circuit of Fig. 15.51 may be used. This 
gives a flat response when the moving arm of the potentiometer is at the centre tap. 




Fig. 15.50. Wide-range two-channel amplifier (Ref. 31). 

(H) Resonant plate loading (Fig. 15.52, Refs. 26, 54) 

Two parallel tuned circuits, one of which may be tuned to 50-80 c/s and the other 
to 6000-8000 c/s (or any other desired frequencies) are connected in series with the 
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FIG. 15.51 

FIG. 15.52 
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INPUT 



Fig. 15.51. Modification to Fig. 15.50 to provide treble attenuation {Ref. 31). 
Fig. 15.52. Resonant plate loading to provide bass and treble boost {Refs. 26, 54). 

plate load resistance R 3 . Control of the bass is given by 2?! and of. the treble by -J? 2 . 
The Q of each of these circuits should not exceed 1 — see Sect. l(ix). 

(I) Negative feedback incorporating L and C in cathode circuit (Fig. 15.53, 
Ref. 26) 
Feedback provides degeneration across R. and R 2) which determines the gain at 
middle frequencies. With L and C connected directly across Ri and #2, the feedback 
is decreased at low and high frequencies respectively and the stage gain is consequently 
greater at these frequencies. L may require shielding to reduce hum pickup. 



FIG. 15.53 
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Fig. 15.53. Bass and treble boosting due to negative feedback incorporating 

L and C in cathode circuit {Ref. 26). 
Fig. 15.54. Bass and treble boosting due to negative feedbaok incorporating 

L and C {Ref. 15). 

(J) Negative feedback incorporating L and C (Fig. 15.54, Ref. 15) 

V x is a power amplifier valve with L x and C 2 and their control potentiometers in 
the feedback network. L x may have an inductance of about 10 henrys and C a may 
be 0.002 fiF ; R 3 = 22 4 may be 0.1 megohm. . 

(K) Patchett tone control (Fig. 15.55, Ref. 9) 

This circuit has been developed to provide continuously-variable independent 
bass and treble boost without variation of the middle frequencies and at the same time 
with frequency characteristics which are close to the ideal for tone control purposes. 
Px is a phase splitter and develops equal voltages across its plate and cathode load 
resistances. The former feeds direcdy through an isolating resistor to the output ; 
the latter feeds the bass and treble niters and potentiometers which in turn feed the 
grids of the twin triode V z whose plates are connected to the output. The output 
voltage at middle frequencies is about one third of the input voltage. An input of 
2.5 volts r.m.s. may be applied with negligible distortion. V x may be type 6C5 or 
6J5 j V s may be type 6N7 or other twin triode. 
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(x) (K) PATCHETT TONE CONTROL 
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Fig. 15.55. Patchett tone control circuit {Ref. 9). 
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Fj£. 15.56 A. Response characteristics of Patchett tone control circuit with S t open 

and S t closed, and other control at minimum {Ref. 9). 
Fig. 15.56B. Response characteristics of Patchett tone control circuit with 5 X 

closed and 5 2 open {Ref. 9). 

Curve A Max. bass, min. treble Curve D Min. bass, $ max. treble 

„ B \ Max. bass, min. treble „ E Min. bass, min. treble 

„ C Min. bass, max. treble „ F Max. bass, max. treble 

Fig. 15.56A shows the response characteristics without provision for bass or treble 
attenuation ; Fig. 15.56B shows the response with bass and treble attenuation. 

If desired, step switches may be arranged to give a wider choice of frequency charac- 
teristics by changing the values of the filter condensers. 

(L) Two-stage universal tone 

control (Fig. 15.57A, Ref. 77) 
This is a very effective arrange- 
ment incorporating a twin triode, 
which gives entirely independent 
control of both bass and treble 
with control extending over a wide 
range of boosting and attenuation in 
each case (Fig. 15.57B). The 
overall gain of the amplifier of Fig. 
15.57A at 800 c/s is only slight. 




Fig. 15.57A. 



Two stage universal tone control 
{Ref. 77). 
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Fig. 15.57B. Response characteristics of Fig, 15.57A (Ref, 77). 



SECTION 9 : FEEDBACK TO PROVIDE TONE CONTROL 

({) Introduction (») Amplifiers zoith feedback providing tone control (iii) Whistle 
filters using feedback, 

(i) Introduction 

Simple feedback circuits to give tone control have been described above (Figs. 
15.1 1, 13, 14A, 14B, 15, 35B). See also Ref. 80. Tone control may be achieved 
by incorporating a suitable frequency selective network in the feedback loop, but 
this involves the question of stability if the feedback is over 2 or more stages — in this 
case the design should be based on Chapter 7 Sect. 3. 

The general principles have been covered very fully in the literature e.g. Refs. 16, 
19 (see also References Chapter 7). 

In any amplifier in which negative feedback tone control is to be used, maximum 
freedom in other aspects of the design is desirable. For example it should be possible 
to alter the feedback factor, and a variation in the feedback over the a-f range should 
be acceptable. It is also desirable not to be limited to a specified value of output 
resistance. The feedback should preferably be applied over a small number of stages. 

In the case of fidelity amplifiers, there should be sufficient negative feedback at the 
bass resonant frequency of the loudspeaker to give adequate damping. 

Most tone-control amplifiers are only stable for values of j3 up to a limiting value. 
One good experimental test is to determine the maximum of j3 before instability occurs. 
The working value of j8 should be less than this limiting value by a comfortable margin 
(say 8 to 10 db) to allow for all variable factors and for tolerances in the various com- 
ponents. 

(ii) Amplifiers with feedback providing tone control 

(A) Dual Control continuously variable bass and treble tone control 

A simple but effective circuit is shown in Fig. 15.57C and its frequency characteris- 
tics in Fig. 15.57D (Ref. 91). Figs. 15.57C and 15.57D will be found on page 
1477. The mid-frequency gain is approximately unity, and the output is 4 V r.m.s. 
(or 1 V r.m.s. with low gain valve) with not more than 0.1% total harmonic distortion 
up to 5000 c/s. 

A more elaborate circuit is given in Ref. 84. 
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(B) Dual control step-type bass and treble tone control 

Fig. 15.58A (Ref. 42). 

This is an example of a well designed amplifier with feedback taken from the second- 
ary of the output transformer over three amplifying stages, having RC networks in 
the feedback loop to provide bass and/or treble boosting. V y is a Schmitt type phase 
inverter — Chapter 12 Sect. 6(vi)A — V % is a similar stage but operating with push-pull 
input, V 3 and F 4 are push-pull beam power amplifiers. The total voltage gain 
from the first grid to push-pull output load is 87.7 dbvg, giving full output with a peak 
input to the first grid of 17 mV without feedback or 0.14 V with feedback (J8 = 
— 0.0066). The maximum bass boost is 26 db, and treble boost 11.7 db. The treble 
boost operates at a low impedance level where the effect of stray capacitances is negli- 
gible, while the bass boost, which is less sensitive in this respect, operates at a high 
impedance level. 

V 1 and V 2 are type ECC32 (approx. 6N7) while V 3 and F 4 are type KT61 (high 
slope output tetrode). T t is a miniature screened line-to-grid transformer to match 
25-600 ohms on input. T 2 is an output transformer with 22 : 1 turns ratio to match 
10 000 ohms plate-to-plate to 20 ohms voice coil. Total primary inductance not less 
than 60 henrys 



(C) Modified " straight " feedback amplifier to provide bass boosting 

In many cases a " straight " feedback amplifier may have a capacitive impedance 
added to the feedback loop to provide bass boosting. This decreases the feedback 
at bass frequencies, thereby causing the amplifier to lose some of the advantages of 
feedback ; the arrangement is less desirable than a special circuit such as Fig. 15.58A 
which has been specially designed for tone control. 

For example, a capacitor of 0.1 jtF may be inserted in series with the 5000 ohm 
resistor in th* feedback circuit in Fig. 7.44 (as in Ref. 69) ; alternatively a switch 
giving a choice of several values of capacitance may be used. 



/mrv 




Fig. 15.58A. High gain amplifier with overall feedback giving bass and treble 

boosting (Ref. 42). 
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(D) The use of feedback to provide special attenuation characteristics at 
low or high frequencies 

If an amplifier is designed with a falling low frequency characteristicj possibly 
due (in part) to economy in the output transformer design, and negative feedback is 
applied over the amplifier, its response can readily be made flat or, owing to a phase 
shift caused by coupling capacitors and by the inductance of the output transformer, 
the response may rise at those frequencies where it fell without feedback. 

If in such an amplifier one of the grid coupling capacitors (included in portion of 
the amplifier covered by the feedback loop) is replaced by one of smaller capacitance, 
the feedback will tend to counteract the attenuation produced by this capacitor. The 
response will be more or less flat down to a certain frequency below which the attenua- 
tion will be rapid. 




FIG.I5.S8D 

Fig . 15.58B. Use of feedback to provide special attenuation characteristics at 
low frequencies. The total effective resistance across T^ primary is taken as 1000 
Switch Si normal ; S 2 tone control (low 'frequency attenuation). Szvitch S' 
controls feedback. 



ohms. 



Some practical response characteristics are described below, based on a theoretical 
analysis of Fig. 15.58B (after E. Watkinson) : 

(a) To provide rapid low frequency attenuation below a specified frequency 
/, (Curves are in Fig. 15.58C) 

1. Design the amplifier so that the response without feedback and without tone 
control is only slightly down at /„, say — 6 db (100 c/s in Curve A), 

2. Design the tone control to provide a total attenuation, without feedback, of about 
3 db at 10 /„ (Curve D). 

3. Apply sufficient negative 
feedback to flatten the re- 
sponse over the desired fre- 
quency range (Curve C). 
In the example, 20 db of 
feedback is used, and the 
combined effect is to give an 
attenuation of 18 db in the 
octave from 100 to 50 c/s. 



(b) To provide optional 
bass boosting 

If now the tone control is 
switched out of circuit, there 
will be bass boosting as the 
result of phase shift in the 
amplifier (Curve B). 
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Thus by a single switch 5 
it is possible to change from 
curve C to curve B, using 
only one additional com- 
ponent. 



500 J/300 

FIG. 15 .-sac 

Fig. 15.58C. Frequency characteristics of circuit of 
Fig. 15.58B. (A) No feedback, no tone control ; 
(B) feedback without tone control ; (C) feedback 
with tone control; (D) no feedback, with tone 
control. 
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(c) To provide high frequency attenuation or boosting 

The same principles apply to the high frequency end of the range. 

(iii) Whistle filters using feedback 

See Figs. 17.24A and 17.24B incorporating a parallel-T network and feedback — 
also Section 11 (iv) of this chapter. 



SECTION 10 



AUTOMATIC FREQUENCY-COMPENSATED 
TONE CONTROL 



(») Introduction (ii) Methods incorporating a tapped potentiometer (iii) Methods 
incorporating step-type controls (iv) Method incorporating inverse volume expansion 
with multi-channel amplifier. 

(i) Introduction 

Owing to the special characteristics of the human ear, it is necessary for bass boosting 
and (to a less extent) treble boosting to be applied to music or speech when repro- 
duced at a lower level than the original sound, if it is desired to retain the full tonal 
qualities of the original. Provision is therefore often made in the better quality 
receivers and amplifiers for this to be done automatically as the volume control is 
adjusted. For this to be fully effective, the volume with the volume control at its 
maximum setting should be the same as that of the original sound — a condition which 
it is rarely possible to fulfil in radio reception. One possible way of achieving an 
approach to the true condition would be to fit two auxiliary volume controls — one 
with settings for say (1) speech (2) orchestral and (3) solo instrument, and the other 
to be adjusted to bring the reading on some form of level indicator to a predetermined 
value. The first of these auxiliary controls is necessary because the various original 
sounds differ in level, the second control to provide for imperfect a.v.c. in the re- 
ceiver and variations in percentage modulation between stations. These complica- 
tions are not likely to be popular. However the intelligent listener should have a 
second volume control which may be pre-set to give a desired output level for maxi- 
mum volume — this is particularly important in reproduction from records. 

In practice, some form of simple automatic frequency-compensated tone control 
is found beneficial, in spite of its technical imperfections. One reason for this popu- 
larity is that it permits a considerable degree of bass boosting to be used at low volume 
but not at maximum volume-control setting. It is therefore more fool-proof than 
manually-operated bass boosting, and less likely to cause overloading of the power 
amplifier. 

(ii) Methods incorporating a tapped 
potentiometer 

A typical application is Fig. 15.59 in which L and C 
form a series resonant circuit tuned to about 1000 c/s, 
while R is a limiting resistance to reduce the by-passing 
at middle frequencies. The tapping point is usually 
about one fifth of the total resistance, being equivalent 
to about 14 db below maximum. With this method 
it is impossible to obtain theoretically correct compensa- 
tion. 

**■ *J.Cwaw LswOLlXlg Id 11UL UC01H.UJ JLrf Aixdj U^ uuullvu frig I*) *>Q TOTM-COfft— 

leaving C and R to provide bass boosting. pensated volume control 

References 71, 72, 89. with tapped potentiometer. 



Volume Control 
Potentiometer 
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A more satisfactory result over a wider range of volume levels can be obtained by 
using a volume control with two tappings (e.g. at one sixth and one third of the re- 
sistance) as in Ref. 88. 

A more elaborate type of continuously-variable control has been described (Ref, 79) 
but requires a special volume control. 

Another more elaborate type (Ref. 82) uses three ganged volume controls which 
are not tapped. 



FIG. 15.60 




Fig. 15.60. Step-type tone-compensated volume control for bass correction only 

(Ref. 43). 

(iii) Methods incorporating step-type controls 

All the simpler systems with step-type controls neglect the treble boosting, which 
is only of secondary importance, but they are capable of a fairly close approach to the 
ideal for the lower frequencies. One design is shown in Fig. 15.60 (Ref. 43) which 
uses five 6 db filter sections each divided into two parts, thus giving 11 steps with a 
total range of 30 db. This is for use with an amplifier having low output resistance 
(less than 10 000 ohms). The numerical values shown in the figure are for R t =■ 
50 000 ohms. 

See also Ref. 78 for a design mounted on a single switch assembly, with a greater 
number of positions. 

(iv) Method incorporating inverse volume expansion with multi- 
channel amplifier (Ref. 21) 
In Fig. 15.61 there are three amplifier channels. The centre one is essentially 
flat over the whole a-f range. The upper (high-pass) and lower (low-pass) amplifiers 
may be adjusted to give zero output at any selected output level (generally the maxi- 
mum) and at any lower level there will be bass and treble boosting which is a function 
of the output level. Each of the boosting amplifiers is brought to zero output at the 
desired output level by adjusting three potentiometers (R u R& R 3 in the bass-boost 
amplifier). Under these conditions the output voltages of V 7 and V s are equal but 
opposite in phase, hence giving a combined output which is zero. 



SECTION 11 : WHISTLE FILTERS 

(*) Resonant circuit filters (a) Narrow band rejection filter (m) Crystal filters 
(iv) Parallel-T network (v) Filters incorporating L and C. 

A whistle filter is one which is sharply tuned to eliminate a particular frequency, 
usually 9 or 10 Kc/s, with the least possible effect on adjacent frequencies. 

The same principles may also be applied to the elimination of scratch from a pickup 
when this is peaked, but in this case the maximum attenuation is adjusted to occur 
at the frequency of pickup resonance. 

(i) Resonant circuit filters (Ref. 15 62) 

The ratio of normal gain (A n ) to gain (AJ at the resonant frequency of LiC t is 



674 



(i) RESONANT CIRCUIT FILTERS 

FIG. 15.61 



15.11 



IMft 



•5MA 




TO GRID OF 
NEXT STAGE 



Fig. 15.61 . Inverse volume-expansion circuit with 3 channel amplifier for automatic 
frequency-compensated tone control (Ref. 21). 



given by 

AJA r = (R' + RJ/Ri 
where R' = rJi L '/(r v + R L ') 
and R L ' = R L RJ(R L + R„). 

For effective filtering, the maximum attenuation 
may have to be 20 db or more. The sharpness of the 
attenuation curve depends upon the Q of the tuned 
circuit, where Q = to^/R^ A value of Q = 10 is 
probably the highest practicable value, and under 
these conditions. the filter will have a minimum at- 
tenuation of 4 db over a bandwidth of 0.64 f T or a 
minimum attenuation of 8 db over a bandwidth of 
0.38 /, where f r is the frequency of resonance. 
This is equivalent to an attenuation of at 




Fig. 15.62. Whistle filter 
using resonant circuit. 
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(ii) NARROW BAND REJECTION FILTER 
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300m H 



least 8 db over a frequency range from approximately 8000 to 12 000 c/s when/ r = 
10 000 c/s. Thus the filter cuts such a serious hole in the amplifier frequency charac- 
teristics that it is not a satisfactory solution. It is reasonably satisfactory for a maxi- 
mum attenuation of 6 db, but this may not be sufficient to eliminate the whistle. 
For theory and curves see Refs. 17, 51, pp. 52-54. 

(ii) Narrow band rejection filter 

A more complicated and more effective circuit is Fig. 15. 62 A (Ref. 81") which, when 
tuned to 9000 c/s, gives an attenuation of 2 db at 8000 c/s, over 40 db at 9000 c/s, 
8 db at 10 000 c/s and 5 db at 20 000 c/s relatively to the level at low frequencies. 
The frequency of resonance may be changed either by adjusting the inductance of 
L 13 or by varying the capacitance of both C x and C 2 . The attenuation at low frequen- 
cies (insertion loss) is 2 db. 

A narrow band rejection filter is described 
in Ref. 75 which has the disadvantage of 
reducing the maximum a-f power output. An 
improved form for application to a linear 
reflex detector is Fig. 15.63 in which an attenu- 
ation of more than 40 db is obtained at 9000 c/s 
while the attenuation is only 3 db at 8400 c/s. 
The principle may also be applied to a cathode- 
loaded amplifier by omitting Cj and pro- 
viding the correct bias for amplification. 

The resonant circuit LCs is tuned approxi~ 
mately to the whistle frequency, a vernier 
control for C 3 being desirable. The value 
of C x should be such that its reactance is 
very much smaller than R x at the lowest signal frequency and should be very much 
larger than R x at 9000 c/s. The value of C 2 should be such that its reactance is 
approximately equal to R 2 + R 3 at the low frequency limit of the amplifier, say 50 c/s . 
If its reactance is higher, a slight amount of bass boosting will occur. The potentio- 
meter R 2 R S is adjusted to give zero output at the whistle frequency (Ref. 74). 
An elaboration of this principle, using two valves, is given in Ref. 83. 




Fig. 15.62A. Narrow-band 
rejection filter (Ref. 81). 




(iii) Crystal filters 

A crystal filter is one of the few really satisfac- 
tory methods of ehminating a whistle, but the 
cost precludes its use in all except the most ex- 
pensive communication receivers. 

(iv) Parallel-T network 

See also Sect. 6(iii)C. 

The circuit of Fig. 4.40 may be inserted be- 
tween two r.c.c. stages with a load resistance of 
say 0.25 megohm and following grid resistor say 
1 megohm. Suitable values for a 10 000 c/s 
whistle filter are :— Cj = C 2 = 0.0001 /iF, 
C = 0.0002 fiF, i?i = R 2 = 160 000 ohms, 
R = 80 000 ohms. 

A special application of the parallel-T network is described in Chapter 17 Sect. 5 
and Figs. 17.24B and 24C where an attenuation of 34 db at 10 000 c/s with almost 
flat response up to 6 Kc/s is obtained by means of a parallel-T feedback loop which 
gives minimum feedback at 6 Kc/s, together with a parallel-T filter across the output 
of the amplifier to give the desired attenuation at 10 Kc/s (Ref. 57). 

The parallel-T network is also used in the equalizer circuit of Fig. 17.35B and in 
the filter unit of Fig. 17.35C. 



R,«22pOOA 
R,+ R,-25MA 
R»--5MA 
L-32mH QSI5 



C,-IO0fi(jF- 
^-002fiF 
C,»0-0lH F 
Ci-aOIJiF 



Fig. 15.63. Narrow-band re- 
jection filter for 9 Kc/s (Ref. 74). 
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The frequency of maximum attenuation may be varied by varying one element in 
each of the component T's (see Ref. 85). 

(v) Filters incorporating L and C 

Constant k and M-derived filters may be used to attenuate a very narrow band of 
frequencies, but the cost precludes their general use. 



SECTION 12 : OTHER METHODS OF TONE CONTROL 

(t) Multiple-channel amplifiers (ii) Synthetic bass. 

(i) Multiple-channel amplifiers 

With a three-channel amplifier, or one having more than three channels, it is possible 
to exercise a certain amount of tone control by controlling the volume of the bass and 
treble amplifiers. For this to be satisfactory for tone control, the cross-over fre- 
quencies should be : 

Bass — not higher than 200 c/s. 
Treble — not lower than 3000 c/s. 
In each case the cross-over network may produce an attenuation of 6 or 12 db/octave 
nominal. 
An amplifier in this class is described in Ref. 5. See also Sect. 10(iv) and Ref. 21. 

(ii) Synthetic bass 

In small receivers, in which the loudspeaker is incapable of reproducing the bass 
at all adequately, a device is sometimes used to introduce distortion of the bass fre- 
quencies. The fundamental bass frequency is heavily attenuated to avoid overloading, 
but the harmonics are reproduced and provide " synthetic bass." One such circuit 
is Fig. 15.64 (Ref. 73, based on Sonora Model RCU-208). Positive feedback at low 
frequencies is applied from the cathode of the second valve to the cathode of the first 
by means of the network R s , R i} R x and C x . 



35L6-GT Output 




FIG. IS.64 



Fig. 15.64. Amplifier providing synthetic bass (Ref. 73). 

Another circuit (Ref. 87) has a supplementary channel with a distorting valve (triode 
6SF5) functioning effectively only below about 100 c/s. Grid distortion is produced 
through zero bias operation. A plate load resistor of 0.5 M.Q is used, and the plate 
coupled to the grid of the output pentode. It is stated that the loudspeaker bass 
resonance should preferably be iess than 60 c/s, and that the results sound unnatural 
to the ear on music when the loudspeaker resonance is about 150 c/s. 

The principles of synthetic bass are given in Chapter 14 Sect. 3(viii). 
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SECTION 13 : THE LISTENER AND TONE CONTROL 

Tone control is a controversial subject with very strong conflicting views held by 
many competent authorities. It is the author's opinion that, in view of the differences 
of opinion, it is only reasonable to provide the listener with some degree of tone control 
to permit him to derive the maximum degree of satisfaction while listening. This 
freedom of choice should not be unlimited, otherwise some listeners will become lost 
in the possible variations. 

1. The cheapest type of set will probably be fitted with a fixed shunt capacitance 
tone control. 

2. Sets which are somewhat higher-priced will be fitted with a single control. 
This may cover any one of the following : 

(a) Variable resistance and fixed shunt capacitance (this has obvious short- 
comings). 

(b) Bass boosting only (this is quite satisfactory in its class provided that the 
bass boosting is limited to about 6 db total). 

(c) Continuously-variable control giving, say, bass boosting in one direction 
and treble boosting in the other. 

(d) Step-type control in the form of a " quality switch." 

3. The most elaborate radio receivers and amplifiers may be fitted with two controls, 
one for bass and the other for treble. In addition, many equipments in this class 
will be fitted with automatic frequency-compensated tone control, thereby 
limiting the degree of manual bass boosting which is necessary (say 6 db maxi- 
mum). 

Anything which can be done to assist the listener to obtain the best results with the 
least trouble is to be commended. 



SECTION 14 : EQUALIZER NETWORKS 

Equalizer networks for pickups are covered in Chapter 17 Sect. 5 while those for 
microphones are covered in Chapter 18 Sect, l(xii). 
An example of a universal equalizer is given in Ref. 49 
A helpful general article on design is Ref. 92. 



SECTION 15 : REFERENCES 

1. Light, G. S. " Frequency compensating attenuators " Electronic Eng. 16.195 (May 1944) 520. 

2. Barcus, L. M. " New bass boosting circuit " Elect. 16.6 Qune 1943) 216. 

3. Colebrook, F. M. " A note on the theory and practice of tone-correction " W.E. 10.112 (Jan. 1933) 4. 

4. " Universal equaliser provides a-f amplifier design data " Elect. 16.8 (Aug. 1943) 120. 

5. Widlar, W. L. " Compensating audio amplifier for three channels " Comm. 23.8 (Aug. 1943) 2& 

7. Amos, S. W. " Improving headphone quality ; simple correction circuits for use with conventional 

diaphragm-type earpieces" W.W. 50.11 (Nov. 1944) 332. 

8. Austin, K. B. "A Bass and Treble Booster" U.S. Patent 2,352,931 Radio Craft 16.4 (Jan.1945) 23a 

9. Patchett, G. N. " A new versatile tone control circuit" (1) Basic principles of tone control W.W. 
51.3 (Mar. 1945) 71 ; (2) " Bass and treble lift without variation of middle frequencies " 51.4 
(Apr. 1945) 106. 

10. Sturley, K. R. " L.F. Amplification (7) Increasing l.f. response" Electronic Eng. 17.207 (May 

1945) 510. 

11. Winget, D. (letter) " A new versatile tone control circuit " W.W. 51.6 (June 1945) 182. 

13. Smith, H. " Tone compensation amplifier " Australasian Radio World (July 1945) 20. 

14. Shepard " Improved bass for small radios " Elect. 18.7 (July 1945) 224. 

15. Sands, L. G. " More highs— more lows " Radio Craft (1) 14.10 (July 1943) 596 ; (2) 14.11 (August 
1943) 662. 

16. Hendriquez, V. C. " The reproduction of high and low tones for radio receiving sets " Philips 
Tec. Rev. 5.4 (April 1940) 115. 

17. Scroggie, M. G. " Amplifier tone control circuits " W.E. 9.100 Qan. 1932) 3. 

19. Fritzinger, G. H. " Frequency discrimination by inverse feedback " Proc. I.R.E. 26.1 (Jan. 1938) 
207. 

20. Design Data (5) " Low-frequency correction circuit " W.W. 52.6 0une 1946) 199. 

21. Goodell, J. D., and B. M. H. Michel " Auditory perception " Elect. 19.7 (July 1946) 142. 

22. Wortman, L. A. " Tone control circuits " Radio Craft (Aug. 1946) 763. 

23. Reference Sheet " Fundamental Tone Control Circuits " Electronic Eng. 18.223 (Sept 1946) 278. 



678 REFERENCES 15.15 

25. Powell, K. O. " Tone control " W.W. 46.14 (Dec. 1940) 491. 

26. Cutler, S. " Audio frequency compensating circuits " Elect. 15.9 (Sept. 1942) 63. 

27. Haines, F. M. " High fidelity bass compensation for moving coil pickups " Electronic Eng. 18.216 

(Feb. 1946) 45. 

28. " Cathode Ray " " Working out tone control circuits " W.W. 43 (Sept. 22, 1938) 269. 

29. Najork, J. " Why bass boost " Service 17.6 (June 1948) 18. 

31. Hill, J. M. " Wide range tone control-circuit suitable for correction at low volume levels " W.W. 
52.12 (Dec. 1946) 422. 

32. Case, N. " All purpose F-M A-M receiver " Comm. 7.1 (Jan. 1947) 34. 

33. Beard, E. G. " A quality switch in lieu of a tone control " Philips Tec. Com. No. 2 (Feb. 1947) 8 

Based on Philips C.A.L.M. Report No. 7. 

34. Stevens, P. " The control of tone " Australasian Radio World 11.8 (Jan. 1947) 13. 

35. Moody, W. " Audio amplifier equalization methods " Service 16.1 (Jan. 1947) 11. 

36. Ellis, J. " Bass compensation — a system using negative feedback " W.W. 53.9 (Sept. 1947) 319. 

37. " Negative feedback tone control used by R.G.D." extract from review Radiolympia 1947, W.E. 
24.290 (Nov. 1947) 335. 

38. Schlesinger, K. " Low frequency compensation for amplifiers " Elect. 21.2 (Feb. 1948) 103. 

39. Banthorpe, G. H. " A simple tone control circuit " Electronic Eng. 20.241 (March 1948) 91. 

40. Winder, N. " A bass correction circuit for moving-coil pickups " Electronic Eng. 20.244 (June 

1948) 187. 

41. Sugden, A. R. " Pre-amplifier tone control" Australasian Radio World 13.2 (July 1948) 11. 

42. Whitehead, C. C. " Quiet high-gain amplifier — tone control by negative feedback " W.W. 54.6 

(June 1948) 208. 

43. Bomberger, D. C. " Loudness control for reproducing systems " Audio Eng. 32.5 (May 1948) 11. 

44. Bonaira-Hunt, N. "Direct-coupled amplifier" W.W. 54.7 (July 1948) 266. 

45. Dahl, H. M. " RC circuits as equalizers " Audio Eng. 32.6 (June 1948) 16. 

46. Chads, P. A. " A 9 Kc/s whistle filter " Electronic Eng. 20.248 (Oct. 1948) 320. 

47. Gerry, C. C. " Feedback and distortion " W.W. 54.9 (Sept. 1948) 347. 

48. Savory, W. A. " Design of audio compensation networks " Tele-Tech (1) 7 : 1 (Jan. 1948) 24 ; 

(2) 7 : 2 (Feb. 1948) 27 ; (3) 7 : 4 (April 1948) 34. 

49. Mitchell, I. A. " AF circuit equalizer " FM and T. 8.6 (June 1948) 28. 

50. Lurie, W. B. " Versatile tone control " Elect. 21.12 (Dec. 1948) 81. 

51. Sturley, K. R. (book) " Radio Receiver Design " (Part 2) (Chapman and Hall, London, 1948) 
pp. 41-55. 

52. " Bass boosting " Radiotronics No. 73 (February 1937) 14. 

53. Lynch, W. A. " Video amplifier 1-f correction " Comm. 23.4 (April 1943) 16. 

54. Scroggie, M. G. "Flexible tone control" W.W. 41.11 (Sept. 10th 1937) 263. 

55. Cocking, W. T. " Tone control systems " W.W. 44.23 (June 8th 1939) 532. 

56. Jaffe, D. L. " Paraphase bass-treble tone control " Radio 30.3 (March 1946) 17. 

57. Rogers, G. L. " Simple re filters for phonograph amplifiers " Audio Eng. 31.5 (June 1947) 28. 

58. "Radiotron receiver RC52," Radiotronics No. 117 (Jan./Feb. 1946) 3. 

59. " Applications of a Parallel-T network," A.R.T.S. and P. Bulletin No. 118 (Jan. 1942) 1. 

60. " The design of high-pass filters for bass tone control " A.R.T.S. and P. Bulletin No. 117 (Dec. 

1941) 1. 

61. Callendar, M. V. " Problems in selective reception " Proc. I.R.E. 20.9 (Sept. 1932) 1427. 

62. " Tone Compensation and tone control " A.R.T.S. and P. Bulletin Nos. 27 and 28 (April and May 

1936). 

63. " Tone control," review in W.W. 46.8 (June 1940) 314 ; British Patent No. 516286, June 20th 1938, 
Milliard Radio Valve Co. Ltd. and R. G. Clark. 

64. "Frequency compensation in audio amplifiers" Radiotronics No. 114 (July 1941) 43. 

65. Gustafson, G. E., and J. L. Rennick " Low cost FM-AM receiver circuit " Tele-Tech 7.10 (Oct. 

1948) 36. 

66. Austin, K. B. " A bass and treble booster " U.S. Patent No. 2,352,931 ; Reviewed Radio Craft 

16.4 (Jan. 1945) 230. 

67. Williams, W. N. " Two high gain amplifier circuits " Radio and Hobbies, Australia (June 1942) 19. 

68. Williams, W. N. " An 807 amplifier " Radio and Hobbies, Australia (April 1947) 42. 

69. Williams, W. N. " Using a new amplifier " Radio and Hobbies, Australia (April 1948) 49. 

70. Williams, W. N. " A new tone control unit " Radio and Hobbies, Australia (March 1949) 25. 

71. Wolff, I., and J. I. Cornell " Acoustically compensated volume control " Elect. 6 (Jan. 1933) 50. 

72. D'Oris, P. A., and R. de Cola " Bass compensation design chart " Elect. 10.10 (Oct. 1937) 38. 

73. " A synthetic bass note circuit " Radio Electronics 20.1 (Oct. 1948) 37. 

74. Childs, P. A. " A 9 Kc/s whistle filter " Electronic Eng. 20.248 (Oct. 1948) 320. 

75. Krauke, J. E. " A 10 KC suppressor " Radio News 37.3 (March 1947) 46. 

76. James, E. J. " Simple tone control circuit " W.W.55.2 (Feb. 1949) 48. 

77. Sterling, H. T. " Flexible dual control system " Audio Eng. 33.2 (Feb. 1949) 11 ; letter J. J. Faran 
33.6 (June 1949) 31. 

78. Winslow, J. " Full-range loudness control " Audio Eng. 33.2 (Feb. 1949) 24. 

79. Turner, J. W. " Construction details of a continuously variable loudness control " Audio Eng. 
33.10 (Oct. 1949) 17. 

80. Edwards, J., and T. J. Parker " An application of frequency selective negative feedback " Tele- 
Tech 8.12 (Dec. 1949) 30. 

81. Osram Valve Technical Publication TP4 " Radio receiver for use with high fidelity amplifiers " 

(The General Electric Co. Ltd. of England). 

82. Johnson, E. E. "A continuously variable loudness control" Audio Eng. 34.12 (Dec. 1950) 18. 

83. Nevin, R. B. " An effective frequency rejection circuit " Audio Eng. 35.2 (Feb. 1951) 20. 

84. Fling, W. D. " A continuously variable equalizer " Audio Eng. 35.3 (March 1951) 16. 

85. Dunn, S. C. (letter) " Twin-T circuits " W.E. 28.332 (May 1951) 162. 

86. Van Scoyoc, J. N. " A cross-coupled input and phase inverter circuit " Radio News 40.5 (Nov. 

1948) 6. 

87. Exley, K. A. " Bass without big baffles " W.W. 57.4 (Apr. 1951) 132. Letters 57.7 (July 1951) 
264; 57.8 (Aug. 1951) 321 ; 57.9 (Sept. 1951) 369; 57.10 (Oct. 1951) 408. 

88. Brooks, W. O. " A two-tap bass and treble compensated volume control " Audio Eng. 35.8 (Aug. 
1951) 15. 

Toth, E. "The design of compensated volume controls" Audio Eng. (1) 36.1 (Jan. 1952) 13 ; (2) 
36.2 (Feb. 1952) 14. 
90. Lavin, C. J. "A scratch filter with continuously variable cut-off point " Audio Eng. 35.11 (Nov. 
1951)6. 
Additional references will be found in the Supplement commencing on page 1475. 



CHAPTER 16 



VOLUME EXPANSION, COMPRESSION AND LIMITING 

By F. Langford-Smith, B.Sc, B.E. 
with assistance from D. G. Lindsay (Fellow I.R.E. Australia) 

Section Page 

1. General principles ... ... ... ... ... 679 

2. Volume compression 681 

3. Gain control devices 684 

4. Volume expansion ... ... 686 

5. Public address a.v.c. ... 693 

6. Speech clippers 693 

7. Noise peak and output limiters ... 694 

8. References , 699 



SECTION 1 : GENERAL PRINCIPLES 

(*") Introduction (») An ideal system (Hi) Practical problems in volume expansion 
(iv) Distortion (v) General comments. 

(i) Introduction 

The maximum volume range of any sound reproducer is the difference in decibels 
between the maximum sound output and the level of masking by background noise 
which latter may include hum, random noise, needle scratch or microphone noise. 

The volume range transmitted by a broadcast station may vary from a low value 
up to at least 60 db for a F-M transmitter (F.C.C.), the value depending on the type 
of programme. In the case of an A-M transmitter the maximum volume range is 
about 50 db — see Chapter 14 Sect. 7(iv). 

If the original sound has a volume range greater than the maximum volume range 
of the transmitter, it is usual to compress it in some way. The compression may be 
accomplished manually by the control engineer, or automatically by a device known 
as a peak limiter or a volume compressor. 

A similar case arises with recorded music, where the maximum volume range may 
be as low as 35 db for shellac lateral-cut disc records. 

Many types of programme have a maximum volume range less than 35 db, and 
therefore do not require compression. However, most broadcast transmitters have 
an automatic peak limiter permanendy operating, while it has even been found bene- 
ficial to use volume compression in F-M broadcasting (Ref. 29). 

If reproduced music is to have the same volume range as in its original form, some 
kind of volume expander is required. But, as will be shown later, volume expansion 
cannot be applied indiscriminately and cannot be perfect. 

One advantage of the use of volume expansion is that it reduces the background 
noise, other than room noise. This is a considerable advantage when the source is 
a disc record. 

A serious shortcoming of automatic volume expansion is that the circuit can never 
duplicate the original volume range because it has no way of knowing what these 
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original levels were — it Will make the loud portions louder and the soft portions softer, 
but always by the same amount for a given input level. Thus the expander circuit 
might increase every signal that is 10 db above the average volume level to 15 db above 
the average, but the level in the studio might have been higher or lower than this. 
The amplitude ratios of a soft and a loud note when rendered simultaneously can- 
not be compressed or expanded by any system. If the loud note causes a certain 
compression in the transmitter, the soft note will be compressed in the same ratio 
and may fall below the noise level (Ref. 33). 

(ii) An ideal system 

In an ideal system the transmitter would broadcast two separate carrier frequencies, 
One modulated with the music and the other modulated with some signal indicating 
the degree of compression being used at each instant. In the case of disc recorded 
music it would be necessary to have two grooves and two pickups. In each case the 
reproducer would incorporate a volume expander in which the degree of expansion 
is Controlled by the second (indicating) signal. 

Alternatively, only a single modulated carrier may be used provided that the ex- 
pander characteristic in the receiver is the inverse of the compression characteristic 
in the transmitter. In addition, the time lags of the compressor and the expander 
should be equal. This is an ideal which cannot be reached at the present time owing 
to the lack of standardization and the use of manual controls. 

There are serious technical problems both in the compression and expansion opera- 
tion, but these are considered in Sections 2 and 4 respectively. 

(iH) Practical problems in volume expansion 

At the present time most broadcast stations employ some form of automatic volume 
compression, while compression is also used in recording on discs. The problem 
facing the receiver and amplifier designer is how to make the best use of volume 
expansion under conditions where it is impossible to reach the ideal. 

(A) Orchestral reproduction 

This subject is dealt with in a general manner in Chapter 14 Sect. 7(iv) and (v). 

It is in orchestral reproduction that volume expansion can be employed to its full 
advantage. Experience indicates that the operation of the volume expander in the 
upwards direction should be as rapid as practicable (see Sect. 4) but that the fall 
should be very gradual — up to 1 or 2 seconds or even more, the optimum rate varying 
with the type of music and with the listener's choice. 

Most competent audio-frequency engineers agree that automatic volume expansion 
is capable of giving more realistic reproduction of recorded orchestral music when 
used under the best possible conditions, even though it is known to have many tech- 
nical defects. The usual amount of volume expansion used in such cases is 12 to 20 
db maximum, with the maximum expansion variable at the desire of the listener. 

(B) Average home listening 

The average home radio receiver, used for a variety of purposes including speech, 
background music, drama and miscellaneous programmes, is usually better without 
expansion. Expansion might beneficially be used on orchestral programmes pro- 
vided that the audience is prepared to listen intently, the room noise level is suffici- 
ently low, and the neighbours do not object. These conditions are the exception 
rather than the rule. 

On the other hand, volume expansion with manual control is well worth incorpora- 
tion into a home gramophone amplifier. 

(C) Background music 

Music which is intended to form a background should be compressed and not 
expanded. The maximum dynamic range may be from 25 db down to possibly 10 
db (Ref. 45). 
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(D) Factory music 

Factory music must be heard above a very high noise level without becoming 
inaudible for any appreciable period. It should be compressed and not expanded, 
with a maximum dynamic range from 20 db down to possibly 5 db in exceptionally 
noisy locations. 

References to General Principles : 3, 20, 29, 33, 34, 45, 48, 59. 

(iv) Distortion 

Apart from the harmonic and intermodulation distortion and extraneous noises 
produced by the compressor and expander, which may be kept low by good design, 
there are some special features which require consideration. Some of these are de- 
scribed in Sect. 2(iv) in connection with volume compression. 

(v) General comments 

There is an extraordinarily wide variety of devices for both volume compression 
and volume expansion, but in many cases the information published is too meagre 
to permit Comparisons between the different methods. There is the additional pro- 
blem that some of the designs may not be suitable for quantity production, on account 
of unduly critical adjustments and/or critical selection of valves. 

The subject is a very complicated one, and the present unsatisfactory state of the 
" published art " has forced the author to refrain deliberately from giving much 
comment. The methods and circuits described in the following sections have been 
compiled mainly from very limited sources, often from a single article, and the in- 
formation and claims based solely on the articles, to which full references have been 
given. 



SECTION 2 : VOLUME COMPRESSION 

(*') Introduction (ii) Peak limiters (iii) Volume limiters (iv) Distortion caused 
by peak limiters or volume limiters (v) Volume compression (vi) Volume compression 
plus limiting (vii) Compression of commercial speech. 

(i) Introduction 

In this Section it is intended to approach the subject from the point of view of the 
radio receiver or amplifier designer. 
Volume compressors may be divided into three groups : 

(A) Peak limiters 

A peak limiter is an amplifier whose gain will be quickly reduced and slowly re- 
stored when the instantaneous peak power of the input exceeds a predetermined value 
The output for all inputs in excess of this value is substantially constant. , 

(B) Volume limiters 

A volume limiter is an amplifier whose gain is automatically reduced when the 
average input volume to the amplifier exceeds a predetermined value, so that the out- 
put for all inputs in excess of this value is substantially constant. A volume limiter 
differs from a peak limiter in that it is controlled by the average volume instead of 
by the instantaneous peaks. 

(C) Volume compressors 

These are used for the purpose of compression over a substantial part of the entire 
operating range. 
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(ii) Peak limiters 

Peak limiters are used principally in broadcast transmitters. They are intended 
to prevent overmodulation and to increase the average level of the programme. The 
latter result follows automatically if the input is increased and the peak limiter left 
to look after the peaks. 
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Fig. 16.1. Compression characteristics (B, C, D) of typical peak limiter or volume 

limiter. 

Some static limiter characteristics are shown in Fig. 16.1. Curve OA is the curve 
of a linear amplifier. Curve OTD is that of an " ideal " limiter, with point T as 
the threshold of limiting. It will be seen that the output does not rise above a level 
of 12 db, no matter how great the input may become. 

Curve OTB is that of a practical peak limiter, the curve TB indicating by its slope 
a compression ratio of 10 to 1 (both being measured in db). The compression in 
db at any point is as indicated by the arrows. 

Curve OC is that of a peak limiter having " over-control " (Refs. 36, 40, 44) which 
does not exceed 100% modulation (line TD) until the compression reaches 12 db. 

With peak limiters a volume expander cannot be used to give correct compensation 
for the compression. 

Most of the earlier and simpler forms of peak limiters have a comparatively slow 
" attack " time, that is the time taken for the limiter to operate on a sudden increase 
in input level — usual times are 1 or 2 milliseconds. A slow attack time results in 
overmodulation and distortion for short intervals following each transient. More 
recent examples of good design (Refs. 36, 38, 40, 44, 63) claim to have " attack " 
times less than 100 microseconds, while some (Refs. 36, 40, 44) incorporate a time 
delay filter in the signal circuit which is claimed to permit almost instantaneous opera- 
tion. Tests have been carried out under dynamic conditions to demonstrate the 
performance of various types of limiters (Refs. 4, 40, 63). It is good practice for the 
" attack " time of a peak limiter to be less than 200 microseconds, while still shorter 
times (e.g. 100 microseconds or less) are desirable. 

The recovery times in most cases are manually controlled, with times up to 2 or 
even 3 seconds, but automatic control has also been used to lengthen the recovery 
time so as to avoid " pumping " when several programme peaks occur in rapid suc- 
cession (Ref. 36). The recovery time is not made longer than necessary, since it 
causes reduced modulation percentage. 

One design (Ref. 86) has a subsidiary series CR circuit that has only a slight effect 
with a single sharp peak, thereby giving a fairly short recovery time (0.33 sec.) but 
with a sustained peak the recovery time increases to 2 seconds. 

If a fixed value of recovery time is used, the most suitable range is from 0.5 to 1.5 
seconds, and " pumping " may be avoided by restricting the limiting action to 4 or 
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6 db. A preferable arrangement incorporates a double value of recovery time, in 
which a longer recovery time occurs on sustained or repetitive peaks, and a short 
recovery time on brief, non-repetitive peaks (e.g. Ref. 72). 

Careful listening tests with modern peak limiters having very short "attack" 
time, indicate that differences in quality can only be discerned when the limiting 
action (compression) reaches 5 db with a good modern type (Ref. 63) or 8 to 10 db 
with the nearly instantaneous type (Ref. 44). 

Some broadcast stations unfortunately abuse the limiter by increasing the percentage 
modulation to such an extent that the distortion is distinctly audible in any good re- 
ceiver. 

References to peak limiters : 4, 36, 37, 38, 40, 44, 63. 

(iii) Volume limiters 

These are very similar in most respects to peak limiters, and the same general 
remarks hold for both. Examples of volume limiters are Refs. 12, 29. 

(iv) Distortion caused by peak limiters or volume limiters 

(A) Distortion caused by slow attack time 

This is definitely audible in some types of programmes when the attack time is 
greater than 100 microseconds. 

(B) Transient waveform distortion 

This occurs in some types of limiters during limiting (Ref. 40). It may only affect 
part of one cycle, or it may continue over many cycles. 

(C) Thump 

Control current surges caused by rapid changes in input level may or may not be 
audible as a thump. Careful design is necessary to reduce the trouble. One design 
is claimed to have a very high signal/thump ratio (Refs. 36, 40, 44). 

(D) Non-linear distortion 

In the best designs the total harmonic distortion is below 1% and the intermodula- 
tion distortion below 3% under all conditions, over the whole a-f range. 

(E) "Pumping" 

This has already been described above. 

(F) Sibilant speech sounds 

The high frequency components in speech (sibilant sounds) are normally at a much 
lower level than the low frequency components. When volume compression is applied 
to speech, the control voltage derived from sibilants alone is much less than that from 
vowel sounds. Consequently the amplifier gain is higher for sibilants alone than for 
other speech sounds, leading to accentuation and distortion of the sibilants. This 
trouble may be avoided by incorporating a suitable equalizer in the control circuit 
(Ref. 9). 

(G) Effect of pre-emphasis 

Pre-emphasis, as used in certain recording systems and in F-M broadcasting, some- 
times tends to give overmodulation with high frequency peaks. It is therefore ad- 
visable to place the pre-emphasis network ahead of the limiting amplifier. In such 
cases the li mitin g should be held to low values such as 2 or 3 db (Refs. 4, 44). 

(v) Volume compression 

Volume compression is distinguished from Umiting in that it extends over the whole, 
or a substantial part of, the entire operating range. The compression characteristic 
may either be a straight line (A) or a smooth curve (B) shown typically in Fig. 16.2 ; 
in both examples an input range of 60 db is compressed to an output range of 40 db. 
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16.2 



Either type of compression charac- 
teristic may be used satisfactorily 
in conjunction with an expander 
provided that the expansion char- 
acteristic is the inverse of the com- 
pression characteristic. 

Some examples of volume com- 
pressors are Refs. 2, 31, 66 — see 
also the a.g.c. circuit of Ref. 39. 
The attack time of a volume com- 
pressor should be fairly slow — this 
will permit the attack time of the 
expander to be made the same 
value. A compressor for use with 
recording is described in Ref. 69. 




16.2. Compression characteristics 
volume compressors. 



(vi) Volume compression plus limiting 

In broadcast transmitters it is desirable to adopt both volume compression and 
limiting — volume compression for use with discretion depending on the type of pro- 
gramme ; limiting for all programmes to permit a high percentage modulation to 
be used without peaks exceeding 100%. 

One combined equipment has been designed (Ref. 39) incorporating a memory 
circuit which holds the gain constant for a predetermined time to preserve the dynamic 
range of the programme. 

References to Section 2 (Volume compression, general) : 2, 4, 5, 9, 12, 29, 31, 32, 
36, 37, 38, 39, 40, 44, 63, 66, 69, 85. 

(vii) Compression of commercial speech 

The comments above apply to good fidelity systems. For commercial speech, 
some form of " level governing amplifier " (W.E. Co.) or " constant volume ampli- 
fier " (British Post Office) is commonly used in couplex systems. However, for 
simple systems, it is difficult to improve on an efficient speech clipper (see Sect. 6). 



SECTION 3 : GAIN CONTROL DEVICES 

(i) Remote cut-off pentodes («) Pentagrids and triode-hexodes (iii) Plate resistance 
control (iv) Negative feedback (v) Lamps (vi) Suppressor-grid control. 

Gain control devices are used in both volume compressors and expanders to pro- 
vide a gain which is a function of the input signal. 

(i) Remote cut-off pentodes 

This is an application of audio a.v.c, and remote cut-off pentodes are capable of 
being used in both applications. The predominant (second) harmonic distortion 
does not exceed 1% with valve type 78 having a load resistance of 50 000 ohms, with 
an input of 0.15 volt (Ref. 62). The distortion may be reduced by push-pull opera- 
tion and by limiting the input voltage to a low level. 

A method of testing valves for the preselection of remote cut-off pentodes is de- 
scribed in Ref. 70. 

It is the author's opinion that, despite all the troublesome features, the push-pull 
circuit using suitable selected remote cut-off pentodes, gives the most satisfactory 
control performance. This control stage must be followed by a " combining circuit " 
such as a push-pull transformer or centre-tapped-choke. either in the plate circuit 
or in the following grid circuit — the latter being preferable. See also remarks in 
Sect. 4(iv). 
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(ii) Pentagrids and triode-hexodes 

Type 6L7 pentagrids are capable of handling higher input voltages than pentodes 
for the same distortion. The predominant (second) harmonic distortion does not 
exceed 1% with valve type 6L7 having a load resistance of 50 000 ohms, with an input 
of 0.5 volt (Ref. 62). The input signal is applied to the remote cut-off grid (No. 1) 
here operated at fixed bias, and the control voltage is applied to the sharp cut-off grid 
(No. 3). See Refs. 14, 35. 

Type 6A8 pentagrids may also be used, with the signal applied to the oscillator 
grid (No. 1) and the control voltage applied to the signal grid (No. 4). See Ref. 14. 

Type 6K8 triode-hexodes may be used, with the signal applied to No. 1 grid and 
the control voltage applied to No. 3 grid. See Ref. 14. 

Many other types of multi-grid valves may also be used. 

(iii) Plate resistance control 

The plate resistance of a valve is a function of the grid bias voltage. A triode has 
a sharp change from a fairly low value at normal bias voltages to a high value when 
approaching cut-off, and infinity beyond cut-off. This effect has been applied in a 
volume compressor (Ref. 12). 




(iv) Negative feedback 

The gain of an amplifier may be con- 
trolled by means of a negative feedback net- 
work in which one element is the plate re- 
sistance of a valve whose grid is connected 
to the control voltage. One application 
(Ref. 31) gives less than 1.8% total har- 
monic distortion under all conditions, with 
an output of 12 volts. 

Another application of negative feedback 
is Fig. 16.3 which employs a remote cut-off Fig. 16.3. Pentode with negative feed- 
pentode with negative feedback provided back used as shunt resistance in an 
by capacitance C 2 from plate to grid, attenuator to provide gain control. 
By this means the effective plate resistance with feedback becomes approximately 
l/g m . Thus a valve with a range of mutual conductance from 2000 to 2 micromhos 
may be used as a resistance varying from 500 to 500 000 ohms. The ratio between 
output and input voltages is given by 

RJigJl^L + i*x + R£). 

F,G - l6 4 With the values given in Fig. 16.3, a varia- 

tion approaching 33 db is obtainable when 
V x has a maximum g m of 2000 micromhos 
(Ref. 62). The dominant (second) harmonic 
distortion is less than 0.2% for an input 
voltage of 2 volts. 

(v) Lamps 

Metal filament (dial) lamps may be used as 
control devices in volume expanders. A 
typical tungsten filament lamp has a resistance 
at maximum brilliancy of about 10 times that 
at room temperature (Fig. 16.4). See Sect. 
234 4(ii) for applications of metal filament lamps 
voltage across filament j n expanders. 

F ?- ]? A ; ?S U 'T'j£"TZ£eL Note : Carbon filament lampa have a re- 

USUSf £ STILTS — * «w* <• "- -«- « ■—— • 

panders (Ref. 45). brilliancy than at room temperature. 




686 (vi) SUPPRESSOR-GRID CONTROL 16.3 

(vi) Suppressor-grid control 

The control voltage may be applied to the suppressor grid of a suitable pentode 
valve. This is used in Figs. 16.11 and 16.12. 

References to suppressor-grid control : 7, 10, 16, 27, 33, 46. 



SECTION 4 : VOLUME EXPANSION 

(0 Introduction (ii) Expanders incorporating lamps (Hi) Expanders utilizing 
feedback (iv) Expanders incorporating remote cut-off pentodes (v) Expanders in- 
corporating remote cut-off triodes (vi) Expanders incorporating suppressor-grid con- 
trolled pentodes (vii) Expanders incorporating valves with five grids (viii) Expanders 
incorporating plate resistance control. 

(i) Introduction 

Volume expansion is very similar to volume compression, and the same control 
methods are used for both, but the control voltage is of opposite polarity. In fact, 
an expander /compressor may be designed with a switch to change from one to the 
other (Fig. 16.14). 

The desirable characteristics which a volume expander should have are : 

1. Negligible non-linear distortion. 

2. The degree of expansion should be under control. 

3. The degree and control of expansion should be independent of the volume level 
at which the amplifier is operated. 

4. The expansion should result in the upwards expansion of loud passages and the 
downwards expansion of soft passages. 

5. The attack time should be short — times from 0.2 to 200 milliseconds are in com- 
mon use, but the shorter times are preferable (say not exceeding 20 milliseconds). 

6. The recovery time should be adjustable from a fraction of a second to 1 or 2 
seconds. 

7. There should be no audible thump or transient distortion with sudden large 
transients. 

8. There should be no appreciable reduction in maximum power output. 

9. The overall gain should not be reduced seriously by the expander. 

10. The shape of the expansion characteristic should provide some expansion at 
low output levels, the amount of expansion steadily increasing all the way to 
maximum power output. 

For most purposes an expansion of 10 or 12 db is satisfactory, although some prefer 
up to 15 or even 20 db. 

It is preferable to introduce the expander into the amplifying chain so that mini- 
mum amplification follows it. It is therefore desirable to select a type of expander 
which is capable of a fairly high output voltage. It is preferable for tone controls 
to precede the expansion unit. 

Electronic methods of volume expansion may be divided into two groups, those 
in which the control voltage is derived from the output voltage, and those in which 
it is derived from the input voltage, suitably amplified. The former method is cheaper 
and employs fewer valves, but it has a less desirable shape of expansion characteristic 
and may be unstable. The latter method is used in Figs. 16.10 to 16.15 inclusive, 
and is preferable in order to avoid thumps and blocking effects. 

When the control voltage is derived from the input voltage, a " side-chain " am- 
plifier is used (e.g. Fig. 16.10) with the final stage transformer-coupled to a suitable 
full-wave rectifier and load network. 
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(ii) EXPANDERS INCORPORATING LAMPS 
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(ii) Expanders incorporating lamps 

Small metal filament lamps are sometimes used in volume expanders, the variation 
of about 10 to 1 in resistance (see Fig. 16.4) giving sufficient range of control. The 
simplicity and cheapness of some of these volume expanders make a strong appeal, 
although there are many shortcomings. If the lamps are placed in the voice coil 
circuit there is a loss of something like 50% of the power output. It is difficult to 
find lamps with characteristics suitable for all applications. It is not possible for the 
listener to control either the amount of expansion or the time constant. The degree 
of expansion falls rapidly as the operating level is reduced, and an appreciable amount 
of expansion can only be achieved at maximum power output. The more complicated 
designs overcome a few of these defects. 

A lamp with a 40 mA current has an attack time of about 30 milliseconds and a 
recovery time of about 150 milliseconds (Ref. 45). 

(A) Lamps in voice coil circuit 

The simplest form is Fig. 16.5 in which the lamp is shunted across the voice coil, 
but this is only effective with a pentode valve without voltage feedback, and the dis- 
tortion due to mismatching is severe except at one level. It is not used in practice. 





Fig. 16.5. Simplest form of volume 
expander using a lamp 



Fig. 16.6. Bridge type of volume 
expander using lamps. 



FIG. 16.7 




Fig. 16.7. Bridge type of volume 

expander using lamps which provides 

bass boosting at low levels. 



The bridge circuit of Fig. 16.6 is quite practical, and may be used with any type 
of output valve. At maximum volume this may possibly have an efficiency of 66%. 
With the addition of two inductors L x and L 2 and two capacitors C x and C 2 (Fig. 16.7) 
it may be used to provide bass boosting at low output levels only (Refs. 50, 51, 52, 61). 
Correct load matching is arranged for maximum output, leaving the low level condition 
to look after itself. 

A suggested application of both carbon and metal filament lamps is Ref. 53. 

(B) Volume expander in stage preceding loudspeaker 

The loss of power caused by lamps in the voice coil circuit may be avoided by in- 
corporating the expander in an earlier stage. This necessitates a low power ampli- 
fier (driver) stage which provides enough power to operate the expander, say 3 watts, 
followed by a step-up transformer to the output stage, which may be a high-power 
push-pull amplifier. The volume control should follow the expander, or else two 
volume controls should be used (Ref. 54). 
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(ii) (C) LAMP-CONTROLLED FEEDBACK 
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(C) Lamp-controlled feedback 

This is undoubtedly the best form of expander using lamps, although it suffers 
from most of the limitations of the lamp. An expansion of about 10 db is practicable 
and Fig. 16.8 shows one form which it may take. Refs. 22, 34, 45. 

References to expanders incorporating lamps : 22, 33, 34, 45, 50, 51, 52, 53, 54, 
55, 61. 




Fig. 16.8. Lamp-oper- 
ated negative feedback 
volume expander (Ref. 22). 



(iii) Expanders utilizing feedback 

Two designs have been developed by Stevens (Ref. 58) and subsequently received 
attention (Ref. 22) but have certain limitations. 

An improved form is shown in Fig. 16.9 which gives an expansion of 29 db, with 
minimum gain of 200 times. The distortion is not visible on a C.R.O. with an out- 
put of 30 volts r.m.s. The attack time is 50 milliseconds and the recovery time about 
1 second ; the latter may be adjusted by varying R 10 . For further details see Refs. 
22, 24 and 68. 

(iv) Expanders incorporating " G " * © 

remote cut-off pentodes 

This is the oldest type of volume 
expander and a very satisfactory one, 
the valves being types suitable for 
use as i-f amplifiers or audio a.v.c. 
stages in receivers. It is possible 
to obtain a good control characteris- 
tic and any reasonable degree of 
expansion, to provide independent 
volume and expansion controls, and 
to arrange the time constants of the 
circuit to give the desired attack and 
recovery times. In order to avoid 
non-linear distortion, the controlled 
stages should operate with input 
voltages not greater than 0.15 volt, 
with a load resistance of 50 000 
ohms. The controlled stages are 
nearly always arranged in push-pull 
— this eliminates even harmonic 
distortion and reduces intermodula- 
tion distortion. Push-pull opera- 
tion is particularly valuable in re- 
ducing " thump " with large tran- 
sients ; it also reduces any residual 
ripple that may come through from 
the rectifier. A further advantage 
of push-pull operation is that cath- 
ode and screen by-pass capacitors 
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Fig. 16.9. Volume expander using negative 
feedback ; (A) amplifier (B) circuit for supply- 
ing control bias to the amplifier (Refs. 22, 24). 
Vi = V t = V, = V t = SP41 ; V 6 and V t 
together = 67/6. 
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Fig. 16.10. Volume expander incorporating remote cut-off pentodes (Ref. 23). 
Controls A = balance, B = volume, C = input level, D = expansion, E = time 

constant. 

may be omitted, thus eliminating time delay in the adjustment of electrode voltages. 
Valves used in each push-pull pair must be very carefully matched for plate current and 
mutual conductance at several points over the operating range of grid bias voltages. 
Owing to the limited input-voltage which may be used, there should be one voltage 
amplifier stage between the controlled stage and the power amplifier. 

An example of good design is Fig. 16.10 (Ref. 23). The minimum attack time is 
about 10 milliseconds and the recovery time of the order of 1 second. The expansion 
curve (db versus voltage) is approximately linear up to a d.c. control voltage of 20 
volts, which gives 10 db expansion. The 6SC7 stage is common to both sections. 
The 6SK7 push-pull stage is the controlled stage ; this is followed by the 6N7 voltage 
amplifier stage which is coupled to the 6V6-GT power amplifier. The signal to feed 
the rectifier is taken from the plate circuit of the 6SC7 stage, amplified in two stages 
(6F8-G), the second being a cathode follower* and rectified by the 6H6. The direct 
voltage from the 6H6 filter circuit is applied to the signal grids of the 6SK7 valves. 

In any expander of this general type, whatever may be the method of controlling 
the gain, it is necessary to prevent the transients in the output of the individual ex- 
pander valves from becoming so large as to cut off the following stage. This can be 
accomplished by transformer coupling, by a direct-coupled phase inverter (as in 
Fig. 16.13) or by the use of low values of load resistances and coupling capacitances 
(as Fig. 16.10). With the third'method it is necessary to incorporate an equalizing 
network to give a flat overall frequency response. 

Refs. 22 (Part 1), 23. 

(v) Expanders incorporating remote cut-off triodes 

Any remote cut-off pentode may be connected as a triode (screen, suppressor and 
plate tied together) to form a triode which may be used in a similar manner to a pen- 
tode, except that the gain will be lower. It has been stated that a single valve has 
0.37% total harmonic distortion unexpanded, 0.64% expanded, predominately 
second harmonic, when the output level is — 25 db (i.e. 0.056 volt). For further 
details see Refs. 1, 42. 

(vi) Expanders incorporating suppressor-grid controlled pentodes 

A sharp cut-off pentode of suitable design may be used for controlling the gain — 
the English Mazda AC/SP1 and the American 6SJ7 are typical examples. One 
example of this application is Fig. 16.11 (Refs. 7, 10) which has an attack time of about 
1 millisecond, and a variable recovery time of about 1 second maximum. Resistors 
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Fig. 16.11. Volume expander incorporating push-pull suppressor-controlled pen- 
todes (Ref. 7). V x = MH„ V* = V % = AC/SP1, V* = KT41, V h = V, - AZ3. 

i? 8 and R ia prevent the suppressor grids from being driven positive With the 
moving contacts of R 12 and jR 17 at the chassis ends, R x should be adjusted in con- 
junction with the volume control of the main amplifier so that the latter will just be 
fully loaded with the loudest signal. 2? 17 is then adjusted to give the desired expansion. 
R lt is advanced until the loudest signal just causes the suppressors to be at cathode 
potential. Any further alteration in volume level should be made by R lt Some 
suggested modifications are given in Refs. 10, 16. 

A second example is Fig. 16.12 (Ref. 27) in which the need for push-pull operation 
and for a transformer is avoided by an ingenious device. V x is the suppressor- 
controlled stage while V % is a " dummy " designed to balance the plate and screen 
currents of V t so that the current passing through each load resistor is constant. The 
maximum signal input to the expander stage is about 0.25 volt, and the maximum 
signal output of the expander is of the order of several volts, for low distortion. The 
controlled range is about 15 db. The diode rectifier incorporated in the suppressor 
circuit prevents the suppressor from being driven positive. The time constants 
are such that 75% of final gain is achieved in the fast position in approximately 20 
milliseconds, and in the slow position 60 milliseconds. The recovery times are 
about 0.5 and 1.2 seconds. 

References 27, 46. fig. 1 6. 12 
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Fie 16.12. Single-ended surgeless volume expander incorporating suppressor-grid 
control (Ref. 27). 
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(vii) Expanders incorporating valves with five grids 
(A) Incorporating type 6L7 

This valve type has two signal input grids, grid No. 1 having a remote cut-off 
characteristic, and grid No. 3 having a sharp cut-off characteristic. Normally the 
signal is applied to No. 1 grid which operates at a fixed bias of about — 10 volts, grid 
No. 3 is operated with a static bias of approximately — 18 volts, the screen is main- 
tained at 100 volts and the static plate current is from 0.12 to 0.15 mA. The expan- 
sion available is about 20 db, and the maximum input is 1 volt, or say 0.5 volt for 
reasonably low distortion. There may be difficulty with hum, owing to the low signal 
amplification with small input voltages. There must be a careful compromise be- 
tween time of " attack " and suppression of the ripple voltage produced by the bias 
rectifier. Particularly when the input level is low, the transient voltages on No. 3 
grid become audible as clicks or thumps. These remarks apply to the old form of 
single valve design (Refs. 13, 35, 55, 64). 

An improved form is shown in Fig. 16.13 (Ref. 21) which makes use of push-pull 
6L7 control valves and direct-coupling to the following 6SJ7 phase inverter. The 
attack time is 12 milliseconds and the recovery time adjustable from 0.07 to 0.9 second. 

References to 6L7 expanders : 19, 21, 35, 55, 64. 
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Fig. 16.13. Volume expander incorporating push-pull 6L7 control valves (Ref. 21). 

(B) Incorporating 6A8 

The input signal is applied to Grid No. 1 (oscillator grid) and the amplified voltage 
for control purposes is taken from a volume control in the plate circuit of Grid No. 2 
(anode grid), rectified by a separate rectifier and then applied to Grid No. 4 (control 
grid). Ref. 14 ; also Ref. 56 (incorporating MX40). 

(C) Incorporating triode-hexode (6K8) 

The input signal is applied both to Grid No. 1 of the hexode and to the grid of the 
triode, and the amplified voltage for control purposes is taken from a volume control 
in the triode plate circuit, rectified by a separate rectifier and then applied to Grid 
No. 3 of the hexode. Ref. 14. 



(D) Incorporating type 6SA7, 6BE6, or 7Q7 

One possible application is Fig. 16.14 (Ref. 25) in which push-pull 7Q7 valves 
form the controlled stage. The maximum expansion is 18 db, attack time 3 milli- 
seconds and recovery time 0.5 second. The push-pull signal is applied from the phase 
splitter to the No. 3 grids of the 7Q7 valves, while the control voltage is applied to the 
No. 1 grids in parallel. In the original article this expansion circuit is incorporated 
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(vii) (D) INCORPORATING TYPE 6SA7, 6BE6 OR 7Q7 
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FIG 16 14 
TIME CONSTANT 




Fig. 16.14. Volume expander /compressor incorporating push-pull 7 Q7 ( = 6SA7 = 
6BE6) control valves and 7N7 (= 6SN7-GT) as phase splitter and control amplifier 
with 1N34 germanium crystal diode rectifiers (Ref. 25). 



in a complete 30 watt amplifier with 4% total harmonic distortion at zero expansion 
which is increased to 5.5% with maximum expansion. 

(viii) Expanders incorporating plate resistance control 

The plate resistance of a valve may be varied either by varying the grid bias or by 
applying feedback. In either case it may be used to shunt across a network and 
thereby to control the overall gain. 

Some possible applications are described in Refs. 22 (Part 1 Fig. 3), 41, 43 and 55 
(Fig. 6). A good design is Fig. 16.15 (Ref. 43) in which a rapid attack is combined 
with a recovery time which may be varied from 0.5 to 10 seconds. The maximum 
expansion is 12 db, and the intermodulation distortion is always less than 1.75%. 
The expansion characteristic (db versus db) is almost linear. The push-pull 6J5 
valves form a Class A x amplifier with a normal load of 15 000 ohms across each valve. 
The 6P5 ( = 76) valves form the controlling stage and place an additional shunt load 
from a high value to 10 000 ohms per valve. The maximum input voltage is 3 volts 
peak, grid to grid. If a high impedance input circuit is desired, transformer T x 
may be replaced by a phase splitter stage (Fig. 6 of Ref. 43). The close approach to 
linearity in the expansion characteristic is obtained by arranging 6 db more expansion 
than necessary, and then reducing the overall gain by 6 db through negative feedback. 

Some alternative applications are discussed in Ref. 13. 
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Fig. 16.15. Volume expander incorporating plate resistance control (Ref. 43). 



SECTION 5 : PUBLIC ADDRESS A.V.C. 

Audio a.v.c. may be applied to an a-f amplifier so as to permit the speaker to move 
his head without causing a serious drop in sound output level from the loudspeaker. 
The usual method is to incorporate into the amplifier a control valve, at such a level 
that the input voltage to the control valve is about 0.5 volt for type 6L7 or 0.15 volt 
for a remote cut-off pentode. Other methods of control can, of course, be used. 
The control voltage may be derived from a suitable point on the main amplifier, 
preferably through an isolating stage, with a full wave rectifier and filter in the usual 
way. A typical example is Ref. 65. 

References to public address a.v.c. : 39, 65. 



SECTION 6 : SPEECH CLIPPERS 

In the case of speech it is practicable to clip the peaks without seriously affecting 
the tonal qualities of the voice, and with a bearable degree of distortion. With a 
suitably designed speech clipper it is possible to operate at a higher average level than 
with a limiter, owing to the long recovery time which is necessary with the latter. 
A speech clipper is practically instantaneous in its action. 

When peaks have been clipped there should be a minimum of phase distortion in 
the remainder of the amplifier, at least up to 8000 c/s. The response should be flat 
from 200 to 4000 c/s, but there must be treble attenuation above 4000 c/s — at least 
25 db at 10 000 c/s. The treble attenuation may be provided by a single constant 
k section filter, since the harmonics are attenuated sufHciendy before they are shifted 
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far enough in phase to increase appreciably the peak amplitude of the wave. At the 
bass end, satisfactory results are obtained if the response following the clipper stage 
is attenuated 3 db or less. 

The Plex amplifier (Ref. 37, Fig. 3) is capable of 20 db peak clipping before the 
distortion becomes serious. The average increase in power level is about 12 db. 

An alternative design of speech clipper incorporated in a speech amplifier is given 
in Fig. 2 of Ref. 28. 



-Hh 




Fig. 16.16. Simple form of speech clipper suitable for an amateur transmitter. 
The 3.75 H choke must have low d.c. resistance and good a-f characteristics (Ref. 28). 

A much simpler form of speech clipper, but one good enough for use with amateur 
transmitters, is shown in Fig. 16.16 (Ref. 28). 

" Infinite " peak clipping has been used successfully, giving articulation from 50 
to 90%. If preceded and followed by suitable frequency-tilting filters, the articu- 
lation may reach 97% with a quality sounding very much like normal speech. See 
Chapter 14 Sect. 11 (ii), also Ref. 71 of this chapter. 

References to speech clippers : 28, 37, 63, 71. 



SECTION 7 : NOISE PEAK AND OUTPUT LIMITERS 



(*) Introduction 
General remarks. 



(ii) Instantaneous noise peak limiters (Hi) Output limiters (iv) 



(i) Introduction 

Limiters are restrictive devices to mitigate the effects of undesired electrical dis- 
turbances of an impulsive nature 
such as static and ignition noise 
on the output of an A-M re- 
ceiver. 



(ii) Instantaneous noise- 
peak limiters 

(A) Series noise-peak limiters 

These are highly effective in 
radio receivers. Fig. 16.17 is a 
simple series limiter which only 
requires four additional com- 
ponents as shown inside the 
dash-dash rectangle = Threshold 
bias is derived from the rectified 
carrier. 




L _ _ _ _ 11*J} _ _ _ .P-PlcE. J 
Fig. 16.17. Simple series limiter (Ref. 30). 
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(ii) INSTANTANEOUS NOISE-PEAK LIMITERS 
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When a 6H6 valve is used for 
both diodes, the hum may be re- 
duced by earthing the end of the 
heater which is closer to the 
diode D 2 . The hum may still 
be troublesome even with this 
precaution. 

A circuit giving lower hum is 
Fig. 16.18 ; if a limiter on/off 
switch is used, two different 
values of C 5 will be required. 

(B) Series-type noise limiter 
with threshold adjust- 
ment 

In this form the limiter thres- 
hold can be varied from about 
65% modulation down to sub- 
stantially zero, on half of the 
modulation cycle (Fig. 16.19). 
Diode D 3 may be added to buck 
the thermionic potential of the 
limiter diode and thereby im- 
prove the effectiveness at low 
carrier levels ; this is at the cost 
of increased distortion. 



1ST A-F 
AMPLIFIER 




560.000 
HEATER BUS 



I 



C&sBO^F 



5= 




EQUIVALENT 
CIRCUIT 



Fig. 16.18. Hum-reduction version of simple series 
limiter with equivalent circuit to show bridge con- 
figuration (Ref. 30). 



(C) Low-loss series-type noise limiter (Fig. 16.20) 

This provides the a-f amplifier with a higher percentage of the a-f voltage across 
the detector diode load (2 or 3 db improvement). 



FIG. 16. 19 
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Fig. 16.19. Series-type noise limiter with threshold adjustment (Ref. 30). 
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(ii) (C) LOW-LOSS SERIES-TYPE NOISE LIMITER 
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Fig. 16.20. 
limiter. 



Low-loss series 
(Ref. 30). 
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(D) Balanced-detector noise limiter (Fig. 16.21) 

This functions as a balanced bridge arrangement for detector voltages above the 
limiting threshold, with unbalance at all other times. It must be adjusted manually 
for each carrier level. This is not a very satisfactory form of limiter. 

mo!*? 



fig. 16.21 



Fig. 16.21. Balanced- detec- 
tor noise limiter {Ref. 30). 
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(E) Automatic balanced-detector noise limiter (Fig. 16.22) 

The additional diode is operated from a tertiary winding on the final i-f transformer. 
Limiting does not take place at modulation depths below 100%. This is an improve- 
ment on Fig. 16.21 but it also is limited in performance. 




Fig. 16.22. Automatic 

balanced-detector noise 

limiter. {Ref. 30). 
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(ii) (F) BALANCING-TYPE NOISE LIMITER 
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FIG. 16.23 





Fig. 16.23. 



Balancing-type noise 
{Ref. 30). 



limiter Fig. 16.24. Triode shunt-type noise 
limiter {Ref. 30). 



(F) Balancing-type noise limiter (Fig. 16.23) 

This uses a limiter diode with reversed polarity, shunted across the detector diode. 
The modulation distortion is quite high, even on relatively low modulation depths. 
This circuit gives effective limiting of noise peaks. It provides about twice the 
normally obtainable a.v.c. voltage when the direct potential across R^ is utilized. 

(G) Triode shunt-type noise limiter (Fig. 16.24) 

This circuit employs the plate resistance of a triode shunted across a portion of 
detector diode load, the magnitude of the shunt resistance being controlled by the 
grid and plate voltages, which act in conjunction with differential time-constants. 

The percentage ' of modulation at 
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Fig. 16.25. 



which distortion begins depends on 
the triode used, the values of R u i? 2 
and 2? 3 , the time-constants involved, 
and the absolute carrier level. The 
higher carrier levels produce no dis- 
tortion and no limiting. Serious 
distortion has been observed with 
10% modulation at low signal levels. 
Effective limiting action is restricted 
d "ijuF j, to a narrow range of carrier input 

Diode shunt-type noise limiter levels, generally above 10 Mc/s in 
{Ref. 30). carrier frequency. 
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OUTPUT 



(H) Simple diode shunt-type . noise limiter (Fig. 16.25) 

This is the simplest form of limiter, but the performance is not very good ; some 
improvement is evident on pulse type interference on signals above 10 Mc/s. 



(I) Modified shunt-type noise 
limiter (Fig. 16.26) 

This limiter begins to cause dis- 
tortion at about 100% modulation 
for the values shown. This form is 
much more effective than the simple 
shunt limiter, although not so good 
as the simple series-type limiter at 
the lower carrier frequencies. 
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Fig. 16.26. 



Modified shunt 
{Ref. 30). 



noise limiter 
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(ii) (J) DEGENERATIVE NOISE-LIMITER 

FIG. 16 27 
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Fig'. 16.27. Degenerative noise limiter, acting between first and second i-f stages 

(Ref. 30). 



(J) Degenerative noise-limiter (Fig. 16.27) 

Degenerative feed to the i-f amplifier prior to final detection is used in this circuit. 
A portion of the output from the first i-f amplifier is amplified in the first and second 
noise-limiter amplifiers, and the resulting i-f output is coupled into a full-wave recti- 
fier having R x as a load resistance. The direct voltage developed across R t provides 
the bias for the grid of a 6L7 serving as second i-f amplifier. Front panel control 
R s provides a positive delay voltage for the diode cathodes, to prevent rectification 
until the signal or noise peaks exceed this bias. This limiter requires manual adjust- 
ment of the threshold of operation, and is useless on fading signals. Modulation 
distortion is determined by the delay bias obtained from R 3 or by an accessory a.v.c 
bias if provision is made for automatic biasing. 

(iii) Output limiters 

(A) R-F output limiter 

This method, using low voltages on r-f amplifier plates and screens, is mainly used 
for telegraphy (Ref. 30). 

(B) A-F saturation-type output limiter 

This method gives control of the maximum output of the a-f power amplifier by 
suitably adjusting the plate, screen and grid voltages. A low-pass filter filters out 
distortion produced in the output stage. A similar result may also be achieved in 
an a-f voltage amplifier by controlling the screen voltage of a pentode valve. These 
are mainly used for modulated c-w (Ref. 30). 

(C) Logarithmic compressor (Fig. 16.28) 

This circuit is a two-stage a-f amplifier with negative feedback, having two diodes 
connected in series with the feedback path in such a way as to provide a path for both 
positive and negative half-cycles of the feedback voltage. Potentiometer R^ provides 
bias to the diodes for setting the limiting level. 

Using the diodes in this manner is equivalent to varying the feedback percentage 
from a low value to a maximum as the instantaneous feedback voltage rises, with 
the reverse effect as the instantaneous feedback voltage falls. This circuit produces 
considerable distortion on speech or music but does not destroy intelligibility. Noise 
interference is reduced substantially, and almost as effectively in some cases as with a 
series noise-peak limiter. 
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(iii) (C) LOGARITHMIC COMPRESSOR 
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Fig. 16.28. Logarithmic compressor (Ref. 30). 

(iv) General remarks 

Satisfactory protection against blocking may be provided by arranging for the stage 
preceding the final i-f amplifier to overload before the final i-f amplifier, then for each 
preceding stage to overload in turn. 

A linear detector (or second detector) is desirable when handling a high noise level. 

It is desirable to have control of the a-f gain of the stage following an instantaneous 
limiter — shunt limiters operate better with low following a-f gain. Ref. 30. 
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SECTION 1 : INTRODUCTION TO DISC RECORDING 

(t) Methods used in sound recording (ii) Principles of lateral recording (iii) Fre- 
quency range (iv) Surface noise and dynamic range (v) Processing (vi) Turntables 
and driving mechanism (vii) Automatic record changers. 

(i) Methods used in sound recording 

There are many methods which have been used for sound recording, but these may 
be arranged in the following principal groups : 

1. Magnetic recording includes magnetic wire and magnetic tape. See Refs. 
258 (Chapter 29), 272, 316, 318. 

2. Sound on film finds its principal application in cinema films. The Philips- 
Miller engraved film system is used to a limited extent for broadcast transcription. 
Film is also used for embossed lateral recording for some special applications. The 
high cost of the film precludes the use of this medium in most other fields. See 
Ref. 258. 

3. Mechanical groove recording is used in various forms including 

(a) the cylinder (e.g. dictaphone) 

(b) the disc, which is the only type of recording considered in this chapter. 
Two methods of recording are used with discs : 

1. Vertical recording (" hill and dale ")> which has had only a limited field of 
application, and appears unlikely to be used extensively in the future. 

2. Lateral recording which is the method used most generally, and is the subject 
of this chapter. 

Lateral recording is used with five types of discs — 

(a) The 78 r.p.m. " shellac " pressings, 

(b) The 33-1/3 r.p.m. fine groove, otherwise known as microgroove or long- 
playing (LP) records, 

(c) The 45 r.p.m. fine groove records, 

(d) Lacquer discs used for direct playback — see Sect. 8, 

(e) Discs used principally for broadcast transcription recording, usually operated 
at 33-1/3 r.p.m. — see Sect. 9. 
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The nominal speed of rotation is interpreted for recording as follows : 
Supply frequency 50 c/s 60 c/s (R.M.A.) 

78 r.p.m. nominal 77.92 78.26 r.p.m. (R.M.A.) 

33-1/3 r.p.m. nominal 33-1/3 33-1/3 r.p.m. (R.M.A.) 

Tolerance in speed of rotation ± 0.5% ± 0.3% (N.A.B.) 
The speed is usually checked by means of a stroboscope illuminated by a lamp 
supplied from a.c. mains. The usual arrangement is : 

Supply frequency 50 c/s 60 c/s (N.A.B.) 

Number of bars on stroboscope 77 92 for- 78 r.p.m. 

180 216 for 33-1/3 r.p.m. 

At either 78.26 or 33-1/3 r.p.m. not more than 21 dots per minute in either direction 
may drift past a reference point (N.A.B. for recording). 

See Reference 89 for a " Glossary of disk-recording terms." See Reference 105 
for a " Bibliography of disc recording " (1921 to 1947). 

See References 2, 87, 237 and 260 for American Recording Standards. . See Sect. 2 
for current English and American practice. 

(ii) Principles of lateral recording 

In lateral recording the groove forms a spiral either from the outside to the inside 
(as with all commercial " home " recordings) or from the inside to the outside (as 
with some transcription discs). The groove undulates horizontally from side to side 
of the mean path so as to deflect the stylus (needle) and armature of the pickup in 
accordance with the recorded sound (Fig. 17.1). The undulation of the groove is 
called " modulation " and the movement to one side of the mean path at any instant 
is called the amplitude of the modulation. The stylus is wedged in the groove by the 
effective vertical pressure due to the weight of the pickup, and moves radially about 
the pivot of the armature (Fig. 17.2). 
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Fig. 17.1. Unmodulated (left) and modulated (right) groove of lateral recording- 
Fig. 17.2. Motion of stylus tip with lateral recording. 

If the recorded sound is of sine-wave form, the maximum transverse velocity of the 
stylus tip will occur at O and zero velocity will occur at B and B', the two extremities 
of travel. This is an example of simple harmonic motion (see Chapter 6 Sect. 4). 
The maximum transverse velocity is 2irfA where / is the frequency in c/s and A is 
the peak amplitude. The r.m.s. transverse velocity is given by 1.41 trfA. 

The recorded level may be specified in terms of r.m.s. velocities at 1000 c/s 5 
or in decibels with a reference level db = 1 cm/sec. lateral r.m.s. stylus velocity. 
The following tables are based on this usage. 

(A) 78 r.p.m. — Cross-over frequency = 500 c/s 

Velocity Peak Comments 

r.m.s. amplitude* 

3.16 cm/sec 0.56 mil R.M.A. Frequency Test Record No. 1(A) 

6.31 cm/sec 1.1 mils \R.M.A. Frequency Test Record No. 1(B) 

7.94 cm /sec 1.4 mils J max. velocity (1000 c/s). 

12.6 cm/sec 2.2 mils 



Level 

+ 10 db 
+ 16 db 
+ 18 db 
+ 22 db 



+ 26.8 db 22 cm/sec 3.8 mils Max. instantaneous programme peak. 

* Over constant amplitude portion. 
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(B) 78 r.p.m. — Cross-over frequency = 250 c/s 
Velocity Peak 

Level r.m.s. amplitude* Comments 

+ 10 db 3.16 cm/sec 1.1 mils 

+ 12 db 3.98 cm/sec 1.4 mils 

+ 15 db 5.62 cm/sec 2.0 mils Normal maximum level 

+ 18 db 7.94 cm/sec 2.8 mils 



= 0.001 inch. 

Velocity 
r.m.s. 

5.2 cm/sec 
14.0 cm/sec 
18.0 cm/sec 



Comments 

RCA Test record 12-5-31 (1000 c/s) 
Max. instantaneous programme peak. 
Max. level on R.C.A. Test Record 12-5-37. 



N.B. 1 mil 

(C) 45 r.p.m. 

Level 

+ 14.3 db 
+ 22.9 db 
+ 25.1 db 

(D) 33-1/3 r.p.m. (LP) 

Velocity 
Level r.m.s. 

+ 7.5 db 2.4 cm/sec Columbia Test record RD-103 (1000 c/s). 

+ 22.9 db 14.0 cm/sec Max. instantaneous programme peak. 

There are two basic methods of recording sounds of different frequencies — constant 
velocity and constant amplitude. " Constant velocity " refers to the maximum 
transverse velocity of the stylus tip at the zero axis, this being held constant as the 
frequency changes. A diagrammatic representation of constant velocity recording 
for two frequencies is given in Fig. 17.3. 
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Fig. 17.3. 
Fig. 17.4. 



Diagram of constant velocity recording for two frequencies f and 2f. 
Diagram of constant amplitude recording for two frequencies f and 2f. 



It may be shown that constant velocity recording has the following characteristics 
for constant power at all frequencies — 

1. The peak amplitude is inversely proportional to the frequency. 

2. The maximum slope of the curve is the same for all frequencies. 

In the general case when the power is changing, the maximum velocity at any fre- 
quency is proportional to the peak amplitude. With an " ideal " electro-magnetic 
pickup, which inherently follows a constant velocity characteristic, the output voltage 
for sine waveform is proportional to the maximum velocity at all frequencies. 

Constant velocity recording is not suitable for use over a very wide frequency ratio, 
owing to the large variation in peak amplitudes. For example, over a range of 8 
octaves the ratio of maximum to minimum amplitude is 256 to 1. 

" Constant amplitude " recording indicates that the maximum amplitude is 
held constant when the frequency changes, for constant power output (Fig. 17.4). 
It may be shown that the maximum slope is proportional to the frequency. 

Constant amplitude recording is very suitable for low frequencies, but is not satis- 
factory with large amplitudes at the highest audio frequencies because the transverse 
velocity of the needle tip becomes excessive, leading to distortion in recording and in 
reproducing. On the other hand, constant velocity recording is satisfactory over a 

♦Over constant amplitude portion. 
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limited frequency range of medium or high frequencies. Therefore most recording 
systems employ an approximation to constant amplitude recording at low frequencies 
and an approximation to constant velocity recording for at least part of the medium 
and higher frequency range (see Sect. 5). 

It may be shown (Ref. 146) that the minimum radius of curvature at the peak of 
the curve is given by 

P = 0.025A 2 A4 (1) 

where p = radius of curvature in inches 

A = wavelength of sine-wave curve in inches 
and A — peak amplitude of curve in inches. 
Equation (1) may also be put into the form 
A = 0.025 A 2 //). (2) 

Any stylus is unable to fit accurately an undulation in the groove with a radius of 
curvature at the point of contact less than its own radius of curvature. We may there- 
fore apply eqn. (2), taking p as the radius of curvature of the stylus, to give the maxi- 
mum amplitude (called the critical amplitude) for correct operation, 

A erit = 0.025 AVp (3) 

where p = radius of curvature of stylus, in inches. 

But since the r.m.s. transverse velocity is equal to 1.41 irfA we can determine the 
critical velocity in cm/sec, 

Critical velocity rm.s. = 11.3 }A crit cm/sec (4) 

where A crit = critical amplitude in inches. 

(iii) Frequency range 

The maximum recorded frequency in commercial shellac records manufactured 
prior to 1940 was of the order of 6000 c/s. At the present time most new recordings 
are recorded up to at least 8000 c/s, while many manufacturers record up to 10 000 
or 15 000 c/s. Recordings up to ultrasonic frequencies (20 000 c/s) have been made, 
and are claimed to provide improved fidelity even though the higher frequencies are 
inaudible (Refs. 195, 271). 

The lowest recorded frequency is of the order of 30 c/s, although some record 
manufacturers do not publish their recording characteristics below 50 c/s. 

(i\) Surface noise and dynamic range 

Surface noise (needle scratch) is unavoidable with any method of disc recording, 
but the maximum signal-to-noise ratio may be made quite high. The maximum 
dynamic range will be greater than the measured signal-to-noise ratio on account of 
the nature of the noise, which approaches the characteristics of random noise if there 
are no resonances anywhere in the equipment — see Chapter 14 Sect. 7(v). 

Surface noise is not really objectionable if it is reasonably low in level and if it can 
be described as " silky." This latter criterion can only be attained when the pickup 
and loudspeaker both have smooth response throughout the whole frequency range. 
If the pickup has a prominent resonance within the audible frequency range — even if 
correctly equalized — the noise will not be " silky " and will tend to become objection- 
able. 

In all cases the high frequency range of the equipment should be limited by a suit- 
able filter giving a choice of cut-off frequencies. Filters with very rapid cut-off 
characteristics are undesirable on account of distortion effects, but a combination 
of a " roll-off " characteristic and a filter with an ultimate attenuation of at least 12 
db/octave appears to be satisfactory. Any other method of achieving a " rounded " 
cut-off characteristic would probably also be satisfactory. 

The maximum signal to noise ratio of shellac pressings varies considerably. The 
older shellac pressings had a maximum signal to noise ratio* of the order of 30 or 
35 db. The most recent English shellac pressings have a maximum signal to noise 
ratio* of 50 db (Ref. 88) for a new record. The best of recent American 78 r.p.m. 
shellac recordings have a maximum signal to noise ratio* of 45 or 46 db when new 

•Measured with flat frequency response. 
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(Refs. 255, 254), The average post-war shellac record, taking into account all the 
various types of records on the market, both English and American, has a maximum 
signal to noise ratio* of about 38 db (Ref. 256). 

A new vinyl fine groove record can have an average surface noise, measured on a 
system whose response is flat on a velocity basis from 500 to 10 000 c/s, about 56 db 
below the peak recording level ; if measured on a system whose response is the inverse 
of the recording characteristic, the surface noise is approximately 62 db below peak 
recording level. The B.B.C, " D Channel " recording has a weighted signal to noise 
ratio greater than 60 db (Ref. 297). 

The surface noise increases with the use of the record. After 100 playings with a 
2 ounce pickup some shellac records showed negligible increase in noise level while 
others showed 5 db increase, the average being about 2.5 db (Ref. 181). After 200 
playings of a fine groove vinyl record (LP) the surface noise increased by 2 db (Ref. 
308). 

The cost factor limits the use of polyethylene (Ref. 181) which has a scratch levej 
even lower than that of vinyl. See also Sect. 9(ii) for the measurement of noise in 
accordance with NAB standards for transcription records. 

(v) Processing 

The processing of shellac pressings is described in Refs. 7, 10 and 25. The pro- 
cessing of vinyl (LP) records is described in Ref. 308. 

(vi) Turntables and driving mechanism 

Turntables should be strongly constructed, free from flexing, and should run true. 
The typical home-type turntable and motor is unsatisfactory for good fidelity on 
account of insufficient motor power, insufficient flywheel action and insufficient 
mechanical rigidity ; it suffers from rumble, wow and (with some pickups) hum due 
to the proximity of the motor. The motor should be as far as possible from an electro- 
magnetic pickup. Motor and turntable vibrations are transmitted through the mount- 
ing board and pickup arm to the pickup head and are finally reproduced in the loud- 
speaker as rumble. Steel turntables may be used without bad effects with,crystal 
pickups and high level moving iron types, except that in the latter case the turntable 
should be solid, without perforations. Steel turntables are unsatisfactory with some 
low-level pickups, particularly moving coil types. 

Either rim or centre drive may be used, and first class products using both methods 
are available. In the moderate price class, it seems that (for the same price) the rim 
drive is generally the more satisfactory arrangement. 

The specification for a motor and turntable unit should include — 

1. Type of motor. 

2. Voltage and frequency range. 

3. Power consumption. 

4. Torque to brake the turntable from the nominal speed to a lower speed 
(e.g. 78 to 77 r.p.m.), the torque being expressed in oz-ins and the applied 
voltage and frequency to be stated. 

5. Turntable diameter. 

6. Form of automatic stop. 

(vii) Automatic record changers 

With most record changers it is important to adjust the vertical angle between the 
stylus and the record so that the deviation from normal is the same (although opposite 
in direction) at both the top and bottom of a stack of records. 

Care should be taken to minimize the impact of the stylus on to the record surface 
when the arm is released by the changer mechanism. 

There are three types of trip mechanisms, one being the velocity trip in which the 
changer mechanism is triggered by a sudden change in groove pitch. This system has 

•Measured with flat frequency response. 
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the advantage of not requiring adjustments for different inside diameters. It has the 
disadvantage of requiring, in most designs, that the stylus, cartridge and arm operate a 
spring tension as they move inwards. This presses the stylus against the outside wall 
of the grooves and tends to produce differential wear as well as other undesirable 
effects. 

The second type of trip mechanism operates when the stylus reaches a specific inside 
diameter, and the eccentricity of the inside groove has no effect. The disadvantage 
of this arrangement is that there are large differences in the inside diameters of the 
various types of records, so that an adjustable (preferably continuously-variable) 
control is required. This method is used in 45 r.p.m. record changers, where there 
is no eccentric inside groove. 

The third type is the eccentric groove. 

Difficulty is often experienced in an attempt to incorporate automatic record 
changers in high fidelity equipment owing to rumble and, in some cases, hum pickup. 
In addition, some high fidelity pickups are unsuitable for use on any automatic record 
changers. The choice of a pickup for use with an automatic record changer is neces- 
sarily a compromise, and many high fidelity enthusiasts prefer to use a good quality 
turntable with manual operation. 

Automatic record changers for 45 r.p.m. 

The R.C.A. record changer is described in Ref. 263. The tripping mechanism 
requires an extremely small lateral force from the pickup arm, since the work of put- 
ting the mechanism into cycle is supplied by the moving turntable. 



SECTION 2 : DISCS AND STYLI 

(0 General information on discs («) Dimensions of records and grooves (m) Styli 
(iv) Pinch effect (v) Radius compensation (vi) Record and stylus wear, 

(i) General information on dies 

Shellac discs are used only with 78 r.p.m. standard groove records. The material is 
hard, and has no appreciable elastic deformation under pressure. 

Vinyl* is used for all forms of fine groove discs, and has appreciable elastic de- 
formation under pressure. As a consequence, high peak accelerations are reduced 
as compared with the same recording in shellac. For the effects of elastic deformation 
see Ref. 212. Vinyl has the defect that it becomes electrified and collects a consider- 
able amount of dust. The effect of dust collection on vinyl records through electro- 
static attraction may be avoided by the use of a liquid anti-static agent which may be 
sprayed or wiped on to the surface of the record. 

(ii) Dimensions of records and grooves 
(A) 78 r.p.m. 

The usual nominal sizes of shellac pressings are 10 in. and 12 in. diameter. Dimen- 
sions and tolerances as recommended by the American Radio Manufacturers' Associa- 
tion and as used by English and American manufacturers are tabulated opposite. 

European continental records do not differ in any significant respect from English 
practice. The outside diameters are 25 cm (9.85 in.) and 30 cm. (11.8 in.) and the 
hole diameter is 0.284 inch. 

On the basis of these dimensions, the ratio of maximum to minimum R.M.A. 
groove diameter is 3.07 to 1 for a 12 inch record, providing a groove speed from 
approximately 3.9 to 1.3 feet per second (47 to 15.3 inches per second). 

•The name vinyl is a general name covering unfilled vinyl co-polymer resins, which may vary somewhat 
in their physical characteristics. 
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DIMENSIONS OF RECORDS AND GROOVES 



U.S.A. 

(in inches) 



English* 



Present range 



Recommended 



% 
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(/> 

O 

R 

n 
o 

8 



8 

o 

1 



Outer diameter : 12 in. 

10 in. 
Thickness : 12 in. 

10 in. 
Centre hole diameter 

Centre pin diameter 
Outermost groove diameter : 12 in. 
10 in. 
Innermost groove diameter 
Grooves per inch 

Width of groove at top 
Depth of groove 
Radius at bottom of groove 
Angle of, groove 



11* ± l/32f 
9* ± l/32t 
0.090 ± O.OlOf 
0.080 ± O.OlOf 
0.286 + 0.001 f 

- 0.002 
.02835 ± .0005 
Hi ± 0.02f 
9f ± 0.02f 
not less than 3ff 
88, 96, 104, 112, 120$ 

6.5 — 8 milsj 
not standardized 
2.2 max. milsj 
87° - 97°| 



11-15/16 - 11-27/32 
9-15/16 - 9-27/32 
0.092 - .082 
0.080 - .070 
0.292 - 0.284 

0.282 - 0.280 
11.500 - 11.395 
9.515 - 9.485 
3.875 - 3.750 
103 - 72 



11* - 11-27/32 
9* - 9-27/32 
0.090 - .080 
0.080 - .070 
0.2845 - .2835 

0.2825 - .2820 
11.500 ± 0.015 
9.500 ± 0.015 
3.875 
104 - 72 



(84 to 96 usual on classical recordings) 



6.5 - 8 mils 

0.8 — 2.5 mils 
82° - 98° 



6.5 — 6.7 mils 
2.9 mils 
1.5 - 1.8 mils 
85° - 90° 



N.B. 1 mil = 0.001 inch. 

♦Based on Ref. 235 for most dimensions ; Refs. 131, 174 for recommended groove cross-sectional, dimensions. 
tR.M.A. REC-103 (Ref. 260). JR.C.A. Victor practice 

Additional data (REC-103) 

Eccentric stopping groove diameter 3| in. ; run-out relative centre hole 0.250 ± 0.015 in. ; 
Lead-in spiral : at least 1 complete turn between outer edge of record and recording pitch. 
Lead-out spiral : Nominal pitch i in. minimum. 



groove minimum depth 0.003 in. 



250 


500 


10 000 c/s 


0.19 


0.094 


0.0047 in. 


0.061 


0.031 


0.0015 in. 
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The wavelength for 78 r.p.m. is given by 

A = (13m*)// (5) 

where A = wavelength in inches for 78 r.p.m. 

d = groove diameter in inches 
and / = frequency in c/s. 

Equation (5) gives the following values — 
Frequency 50 

Wavelength — outermost groove 0.94 
Wavelength— innermost groove 0.31 
The effective width of the stylus with dimensions as in Fig. 17.5B is about 4 mils, 
giving a radius of curvature of 2 mils. Using eqn. (3) of Sect. 1, 

A cril == 0.025 A70.002 
and for 10 000 c/s the critical amplitude is — 
A eri t = 0.000 28 in. for outermost groove 
A„it = 0.000 028 in. for innermost groove. 
The critical velocity is given by eqn. (4) of Sect. 1, 

Critical velocity r.m.s. = 31.6 cm/sec at outermost groove 
= 3.16 cm/sec at innermost groove. 
The critical velocity at the outermost groove is more than sufficient for the highest 
level of recording, but as the groove diameter decreases a point will be reached where 
the peak recorded velocity is greater than the critical velocity — thus leading to dis- 
tortion and loss of high frequency response. 

A slightly higher critical velocity could be obtained by the use of a somewhat smaller 
stylus radius, since the two values are inversely proportional. 

The maximum instantaneous peak recorded velocity is about 15 cm /sec (American 
practice) so that there is every likelihood that the critical velocity will sometimes be 
exceeded on the smaller diameter grooves. The saving feature in practice is that 
maximum amplitude does not normally occur at 10 000 c/s with either speech or music, 
except when cymbals are recorded at maximum amplitude. 
(B) 45 r.p.m.* 

The R.C.A. Victor 45 r.p.m. fine groove records are only made with a nominal 

diameter of 7 inches, and are primarily intended for ready use in record changers. 

The inner portion of the record forms a collar which is thicker than the playing area, 

thus preventing the playing surfaces from touching. The groove dimensions are 

Width across shoulders 3.0 mils + 0—0.5 

Angle 92° ± 3° 

Radius at bottom of groove not greater than 0.25 mil. 
The recommended vertical stylus force is 5 ± 1 grams. 

The grooves per inch vary from 178 to 274. The maximum instantaneous pro- 
gramme peak recording velocity is 14 cm/second (about 4 db below 78 r.p.m. records). 

6-87s"tooj*oiA 



Fig. 17.5A. Cross- 
sectional view ofR.C.A. , ,,, - . I T t - . , T,.. ., 
7 inch 45 r.p.m. record * • k ' ^■' ' ■ " 
(Ref. 254). 




030 ±-oo»" 



•082Max.| O30+-004 



Record ro be -ooo to -oot thicker at outer 
FIG. I7.5A t0 9 e °' r oiied portion than at inner edoc. 

The cross-sectional view of a record is shown in Fig. 1 7.5A. The outermost music 
groove is 6f inch diameter, while the innermost music groove is 4.875 inches mini- 
mum diameter— the latter gives 10% intermodulation distortion and a groove velocity 
of 11.5 inches per second. 

The maximum playing time is 5| minutes. A lead-in groove extends from the 
edge of the record and makes from 1 to U turns before entering the first music pitch. 
There are from 1 to li turns of unmodulated music pitch before the start of music. 
There is from to \ turn of unmodulated music p itch at the end of music. The 

•For R.C.A. 45 r.p.m. Extended Play records see Supplement. 
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lead-out groove makes from f to 1J turns from the music pitch to 1-15/16 inch radius, 
beyond which it makes from 1 to 2 turns to the concentric circle (3-13/16 inch dia- 
meter). 

The central hole is 1.504 ± 0.002 inches in diameter. 

References 254, 263, 264, 265. 

(C) 33-1/3 r.p.m. (LP) 

The long-playing microgroove records revolve at 33-1/3 r.p.m. and are made with 
outside diameters of 12, 10 and 7* inches. 

The R.C.A. Victor records are identical to the 45 r.p.m. records with respect to 
groove shape, recording pitch, recorded level and recommended playback stylus. 



Dimension 



Columbia 



R.C.A. Victor 



Groove angle 

Radius at bottom of groove less than 
Width across shoulders of groove 
Maximum amplitude 
Max. instantaneous programme peak velocity 
Lead-in groove pitch 
Blank grooves (normal pitch) 
Grooves per inch (normal pitch) 
Grooves per inch (usual values) 
Lead-out groove 
Thickness 

Thickness depressed label area 
Maximum diameter (12 in.) 
(10 in.) 

Outer music groove dia. (12 in.) 

(10 in.) 
Inner music groove dia. 
Nomin. dia. of eccentric groove 
Eccentric groove off-centre 
Centre hole 
Label diameter 
Outer edge, included angle 

edge radius 
Maximum playing time 12 in. 
10 in. 

7 in. 



87° ± 3° 
0.2 mil 

0.9 mil 



200 to 300 
224, 260 



4-3/4 



Optimum stylus force 



{ 



22-1/2 

15 

5-1/2 

6 

0.21 



92° ± 3° 
0.25 mil 
0.0025 in. 

14 cm/sec 

35 to 40 lines /in. 

1 to 2 

178 to 274 

4 grooves/in. 
0.070 to 0.085 in. 
0.060 in. min. 
11-7/8 ± 1/32 in. 
9-7/8 ± 1/32 in. 

11-15/32 + 3/6 ° in 

9 " 15 /32 + ° 3/6A in> 

4-3/4 in. 

4-7/16 in. 

0.125 ± 0.008 in. 

0.286 in. 

4-1/16 in. 

80° 

1/64 in. 

— mins. 

— mins. 

— mins. 

5 ± 1 grams. 
0.18 ounce 



References to L-P microgroove : 159, 166, 178, 179, 232, 236, 255, 262. 

(iii) Styli 

(A) Styli used with shellac pressings are in five principal groups : 

(1) Ordinary steel needles which are ground to shape by the abrasive in the 
record. The exact shape of the needle point when new is not so important as with 
permanent or semi-permanent styli. For examples of record wear see Ref. 10 Part 4. 

(2) Semi-permanent needles such as chromium plated steel. The needle shape 
is important and " shadow-graph " needles are recommended. For the best results 
these should not be used for more than one playing of a 12 inch shellac record (for 
photograph of wear see Ref. 274). Alloys such as osmium are also used. 

♦Columbia only. 
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(3) " Permanent " styli employ a jewel such as a diamond, sapphire or ruby, 
usually in the form of a jewel tip. The tips of permanent needles should be accurately 
ground to shape, and highly polished. Diamond tipped needles have a life of several 
thousands of playings of shellac records for good fidelity. Tungsten carbide is also 
used. For stylus wear see Sect. 2(vi). 

(4) Fibre needles are used by some enthusiasts in the belief that they reduce 
scratch and record wear. While it is true that they reduce scratch they do so by 
attenuating all the higher frequencies, and they do this no more efficiently than an 
electrical attenuator. The attenuation of a fibre needle at 4000 c/s is 19 db down 
as compared with a loud tone steel needle in a typical pickup (Ref. 7). After the first 
few grooves they wear sufficiently to occupy the whole of the groove and thereby 
spread the weight of a heavy, stiff pickup of old design. If such pickups are used, 
contrary to all good advice, then fibre needles are possibly the best compromise be- 
cause a soft needle damps down the pronounced high-frequency resonance of the 
pickup. There is evidence to indicate that abrasive particles from the record become 
embedded in the fibre and thereby cause wear, even though the fibre itself is softer 
than the record. With modern pickups having light weight and high lateral and 
vertical compliance the wear from a well polished sapphire point is undoubtedly 
less than that from a fibre needle. 

For photographs of new and worn fibre needles see Ref. 274. 

(5) Thorn needles are very much harder than fibre, but the amount of needle 
wear is very much dependent upon the pickup compliance and stylus force. With 
suitable lightweight pickups, the needle wear is reasonable up to 6 playings (Ref. 309), 
but some loss of high frequency response is inevitable. If sharpened with the use of 
very fine glasspaper, there is risk of glass dust becoming embedded in the needier- 
this danger may be avoided by the use of a very fine rotary cutting wheel (Ref. 309, 
April 1951). 

Since thorn needles are normally in contact with the whole of the bottom of the 
groove, they will tend to remove all dust from the groove. It therefore seems pro- 
bable that the noise from a record which has been played exclusively with thorn. 
needles will be no greater at the bottom of the groove than on the sides. 

Fine point thorn needles have also been used with fine groove (LP) records 
(Ref. 309). 

The shape of the stylus tip to give optimum results with most English and 
American recordings may be taken as (RTMA Standard REC-126-A, Ref. 260) : 

Radius of tip Angle 

Metal point 2.7 (+ 0.2 - 0.3) mils 40° to 50° 

Sapphire 3.0 (+ 0.2 - 0.3) mils 40° to 50° 

A cross-sectional view of a correct size of sapphire stylus point in a typical groove 
is given in Fig. 17.5B. It will be seen that the stylus does not reach to the bottom of 
the groove ; this is very important because the abrasive dust collects at the bottom 
of the groove. In addition, there should be some allowance for the stylus to wear 
on the sides without the bottom of the stylus coming too close to the bottom of the 
groove. 

fig. I7.5B , In some modern records, as well as in trans* 

scription discs, a tip radius of 2 mils may be used, 
but in other (and particularly older) recordings it, |s 
likely to scrape the groove bottom and suffer from 
" groove skating " and single point contact. 

One interesting suggestion is to combine a 2 mil 
radius with a " flattened " extremity (actually a 
3.5 mil radius). Although more expensive to pro- 
duce it seems to have distinct advantages (Ref. 244). 

Oval sapphire styli are available with a minor 
axis of 1.5 to 2.0 mils and a major axis of 2,5 ,t© 3.5 
mils. These should be used with the major axis 




Fig. 17.5B. Cross-sectional 

view of typical record groove 

and needle tip. 
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at right angles to the centre-line of the groove, and will permit better response to high- 
amplitude high-frequency recordings. 

The NA.B. " secondary standard " stylus (permanent point) has an angle of 40° 
to 55° and a bottom radius of 2.5 ± 0.1 mils. It provides a compromise suitable 
for the reproduction of both transcriptions and shellac discs. 

The use of larger styli (radius 4 mils) is advocated by some engineers (Refs. 223, 225) 
but it does not appear to be the best all-round compromise. 

Needles are made in various sizes. The ordinary steel needles used in mechanical 
reproducers are used in the stiff heavy weight pickups whose frequency response 
does' nbt exceed about 6000 c/s ; they are also used in some " needle armature " 
pickups. For the best high frequency response the " loud tone " or " full tone " 
needles should be used, because of their smaller size and weight. " Soft tone " and 
" trailing " needles (as used with acetate discs) cause severe treble attenuation when 
used with typical pickups. Most light weight pickups with a frequency response 
extending to 10 000 c/s or over use miniature needles to enable the armature resonance 
to be at a high frequency. A typical example is the H.M.V. Silent Stylus or Columbia 
99 (chromium-plated long-playing). Thorn needles are also made of similar size. 

Efforts have been made to develop a stylus tip suitable for both 78 r.p.m and fine 
groove (see Refs. 279, 281) but a considerable degree of compromise is necessary 
and the best results are not obtainable from either type of recording. 
$B) Styli for fine groove records 

With a few exceptions, all styli for fine groove records are permanent types — usually 
jewels- Diamond tips are the only really satisfactory ones for long life, although 
expensive to purchase in the first case. Sapphire tips are very common, 
but wear rather rapidly — see Sect. 2(vi) for stylus wear. Other materials used are 
tungsten carbide, osmium and other metal alloys. 
Ditaensions of styli for fine groove records 

(RTMA Standard REC-126-A, Ref. 260, for home phonographs) 
Radius of tip 0.001 + 0.0001 — 0.0002 inch 

Included angle of tip 40° to 50°. 

Note : With a 90° groove angle, a tip with a radius of 0.001 inch has an effective 
radius of 0.0007 at the point of contact. 
(C) Colour codes for styli 

1. RTMA REC-126-A for home phonographs (Ref. 260). Needles with a 0.001 
inch radius shall be colour coded red. 

2. English Gramophone Equipment Panel of the Radio and Electronic Component 
Manufacturers' Federation (Jan. 1951). Red— 0.0010 in. ; lemon— 0.0020 in. ; 
green— 0.0025 in. ; frenchblue — 0.0030 in. ; orange — 0.0035 in. ; violet — universal ; 
sky blue — oval tip. Material (marked by band on shaft) black — hard metal ; white- 
diamond ', no colour — sapphire. 

(iv) Pinch effect 

Owing to the fact that the cutting is done by a stylus having an effectively flat cutting 
face, the width of the groove measured at right angles to the groove is narrower at two 
places in each cycle (see Sect. 6). As a result of this effect, the stylus tip should rise 
and fall twice in each cycle — only a limited number of pickups, however, make ade- 
quate provision for this movement. 

The flexibility of the stylus, if mounted at an acute angle to the record, together 
with that of the record itself, tends to prevent the needle from riding merely the peaks 
of the vertical undulations. The pinch effect undoubtedly increases needle wear 
and possibly also record wear (Ref. 212). 

Various forms of " bent shank " needles have been developed to provide some 
vertical compliance. All " bent shank " needles tend to give a drooping high-fre- 
quency response the amount of which varies considerably from one make to another ; 
it may, of course, be compensated if desired, 
(v) Radius compensation 

Radius compensation does not appear to be used with shellac discs, although it 
is used with LP discs (R.CA. Victor) and in transcription discs. 
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(vi) Record and stylus wear 

Record wear is a complicated effect depending upon many conditions of operation 
including : 

1. Vertical stylus force. 

2. Lateral mechanical compliance at stylus tip. 

3. Vertical mechanical compliance at stylus tip. 

4. Lateral and vertical pivot friction in pickup arm, or lateral spring tension. 

5. Mechanical resonances of pickup and arm. 

6. Tracking error. 

7. Shape, material and polish of stylus tip. 

8. Maximum transverse velocity of record grooves. 

9. Record material. 
10. Dust. 

It is understood that the turntable is free from vibration and wobble and that the 
record is neither eccentric nor warped ; if not, these are additional causes of record 
and stylus wear. 

The vertical stylus force for use on shellac records should preferably not exceed 
about 1 ounce weight (28.35 grams) and it should be as light as possible to reduce 
record and stylus wear to the minimum. However care should be taken to provide 
sufficient force to ensure satisfactory tracking, otherwise the wear will increase. In- 
creased force, say up to 2 ounces (about 60 grams), causes very little additional record 
wear provided that a well-polished jewel point is used and the pickup has high lateral 
compliance. 

The stylus force with fine groove records is quite critical, but is a function of the 
pickup. Forces approximating 6 grams weight are common, but it is safer to err 
slightly on the high side than on the low side. Some manufacturers give a " minimum 
tracking weight " and a " normal " value — the latter is the correct one to use. 

If the required vertical pressure is not known, it may be determined by using an 
intermodulation test record, decreasing the pressure until the distortion commences 
to rise — and then increasing by a margin of, say, 50%. 

High lateral compliance at the stylus tip is one of the most important require- 
ments for low record and stylus wear. In general, high lateral compliance and light 
weight go together. 

Vertical compliance at the stylus tip permits the tip to maintain contact with the 
groove in spite of the " pinch effect." Bent shank styli reduce record wear in cases 
where the pickup has insufficient vertical compliance. 

Mechanical resonances of the pickup are serious causes of record and stylus 
wear. Both the " arm resonance " (if it comes within the recorded frequency range) 
and the " armature resonance " affect the record and stylus wear, even if electrically 
equalized. 

Tracking error is discussed in Sect. 4 ; if reduced to the usual low values, record 
and stylus wear from this cause are very slight. 

The shape and polish of a jewel stylus tip are of the utmost importance in regard 
to record wear. 
Wear of shellac records 

One example is a record which had been played 1000 times with a 1.35 ounce (38 
grams) pickup and a sapphire stylus and was then demonstrated as giving fidelity 
virtually unaffected (Refs. 128, 131). It may be stated as a rough guide that the limit 
of life of an average shellac record is about 4000 playings under good conditions. 

Unmodulated grooves on shellac records will wear indefinitely with a jewel stylus 
on which the vertical force does not exceed 1 ounce (30 grams). By far the most 
significant cause of wear is the dynamic action of the stylus in the grooves. If the 
dynamic force at anv moment exceeds the elastic limit of the record material, the 
shellac crumbles. This permits the stylus to drop down a little deeper in the groove, 
eventually increasing the bearing area of the needle by contact with the bottom of 
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the groove. At this point with a pickup having low stylus force, the wear apparently 
stops. This wear does not produce any apparent change in quality of the reproduced 
sound, although it can be seen as a light streak on the surface of the record. Both 
lateral and vertical forces must be considered in producing the wear (Ref. 155). Where- 
ever there is excessive stylus wear, it is always accompanied by excessive record wear. 
It is important to distinguish between visible wear and audible wear. Visible 
wear does not necessarily cause any audible defect. It is possible that visible wear 
may occur earlier with a diamond tip, but audible wear, which is caused by actual 
widening of the groove at corners, will occur far more rapidly with a worn sapphire 
or metal tip. The flats on the sides act as scrapers in attempting to negotiate sharp 
bends in the record groove. A well polished spherical diamond or sapphire tip is 
believed to cause less record wear than a metal alloy tip. 

Wear of vinyl records 

Wear of vinyl fine groove records is very slight, provided that the stylus force does 
not exceed about 7 grams, that a pickup of ample lateral and vertical compliance is 
used, that the jewel tip is well polished, that there are no marked mechanical reson- 
ances, and that dust is excluded. Dust is the most important cause of record and 
stylus wear with vinyl records in the home, and care should be taken to reduce it to 
a minimum— see Sect. 2(i). Wear in vinyl records shows itself principally in widen- 
ing of the groove thus leading eventually to distortion and rattles (Ref. 155). 

Wear of sapphire styli 

The wear of sapphire styli is a function of the material of which the pressings are 
made, the lateral and vertical compliance of the pickup at the stylus tip, the dynamic 
mass of the pickup at the stylus tip, the characteristics of the armature (high frequency) 
resonance and the pickup arm (low frequency) resonance, and the stylus force. Ad- 
ditional wear may be caused by " skating " (due to the use of a tip radius which is too 
small for the groove), by insufficient vertical force to maintain the stylus always in 
contact with the groove, and by warped or eccentric records or turntables. When 
using a pickup with high lateral and vertical compliance and low dynamic mass at the 
stylus tip, an increase of stylus force has only a minor effect in increasing the wear on 
the stylus tip. It has been shown (Ref. 282) that with such a pickup (GP20) on a 
heavily modulated shellac record, an increase from 7.5 to 14.5 grams in stylus force 
causes increased flats on the stylus tip resulting in a drop of only 3 db at 10 000 c/s 
on a test record. Such a stylus and pickup may be used for 800 playings of a 12 inch 
shellac record with reasonably good fidelity, or 2000 playings with fair fidelity (—5 
db at 10 000 c/s on a test record). 

On the other hand a typical light-weight pickup with a stylus force of 1 ounce (28 
grams) has been shown to produce wear on sapphire styli on shellac records as follows 
(Ref. 59). 

Wear just noticeable after 50 playings of 12 inch disc. 

1 mil flats after 200 playings 1_ _ „. ,. . . 

2 mil flats after 750 playings V™* . effect of flats on distortion is covered 
2.5 mil flats after 1500 playings J in Sect - 6 ( 1V )- 

It is obvious that this pickup produces much greater wear than the one with high 
lateral and vertical compliance (GP20) described earlier. It is probable that the 
greater wear is due principally to the lower lateral and vertical compliance, although 
the increased stylus force would also be a contributing factor. 

Some excellent photographs of stylus wear are given in Refs. 274 and 290. 

The use of a test record at, say, 10 000 c/s to indicate wear of the stylus tip requires 
careful interpretation of the results. The level of recording of the test record is lower 
than that which may be reached with music, while the effect of wear of the stylus tip 
is shown less prominently towards the outer diameter of the record than it would be 
with a smaller groove diameter. 

It is wise to avoid using sapphire or other permanent stylus tips on records which 
have been played previously with steel needles. For a photograph of wear after 20 
playings under such conditions see Ref. 274. 
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Stylus wear with fine groove records 

Apparently stylus wear is far more rapid on microgroove than on standard groove 
vinyl records ; a rough estimate is about three times faster (Ref. 290). For this 
reason, diamond styli are much to be preferred to sapphire or osmium, even for home 
use, where high fidelity is required. 

In one case, when tested on 12 inch long playing records, with a GE RPX-041 
pickup having 8 grams pressure, a diamond stylus showed a slight flat after 37 hours 
playing time, whereas a sapphire under similar conditions was badly worn after 
5f hours (15 playings) — see photographs Ref. 290. 

There appear to be considerable variations on the hardness of the sapphires, which 
are practically all made of synthetic sapphire (Ref. 302), so that it is impossible to 
quote any figures of stylus wear which can be regarded as typical. In all cases the 
stylus life is very much affected by the pickup. 

Osmium tipped styli have a life only two fifths (Ref. 290) or one sixth (Shure) that 
of sapphire. This makes the effective life with an osmium tipped stylus, for high 
fidelity, extremely short. 
Method for giving positive indication of stylus condition 

Obtain a lacquer disc with unmodulated grooves cut on both sides of it — one side for 
a 3 mil stylus and the other for a 1 mil stylus. Both types of grooves may be on the 
one side of the disc. Whenever in doubt, play two or three grooves on this disc If 
the stylus leaves the grooves unchanged in lustre and smoothness, it is in good con- 
dition. If, however, the groove walls show score marks or any other difference when 
compared with the unplayed grooves, the stylus needs replacement. An ordinary 
magnifying glass will be of assistance (Ref. 298). 



SECTION! 3 : PICKUPS 

(0 General survey (ii) Electro-magnetic (moving iron) pickups (Hi) Dynamic 
(moving coil) pickups (iv) Piezo-electric (crystal) pickups (v) Magnetostriction pickups 
(vi) Strain-sensitive pickups (vii) Ribbon pickups (viii) Capacitance pickups (ix) 
Eddy-current pickups. 

(i) General survey 

The performance expected from good quality pickups includes — 

1. Wide frequency response with the minimum of equalizing. No sharp peaks 
over + 2 db. For most applications a slight droop in the high frequency response 
is not undesirable as it may be used to compensate for the pre-emphasis in most 
recordings. 

2. Low stylus pressure. 

3. High lateral compliance. 

4. High vertical compliance at stylus tip. 

5. Low effective vibrating mass of armature at high frequencies. 

6. Fairly high output level. 

7. Low distortion. 

8. Freedom from major resonances over the useful frequency range (see below). 
The low frequency (arm) resonance should be below 30 c/s so that it will have a negli- 
gible effect on record wear. The high frequency (armature) resonance should be 
as high as possible — certainly over 8000 c/s — and preferably above the useful frequency 
range. Even so, the resonance should be effectively damped. 

9. Minimum " needle talk " (direct acoustical radiation). 

10. High signal to hum ratio. 

11. Negligibly small voltage generation from vertical movement of the stylus tip. 

12. General ruggedness. 

13. Freedom from the effects of excessive humidity. Pickups having a restricted 
frequency range (say from 70 to 6000 c/s) should meet the same requirements as 
good quality pickups, apart from frequency. 
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Pickups which have sufficient vertical compliance are sometimes fitted with needle 
guards to reduce or prevent damage to the pickup from accidentally dropping it. 

Pickup manufacturers sometimes quote the minimum vertical stylus force to pro- 
vide perfect tracking. It is generally regarding as sound practice to adopt a stylus 
force at least 1.5 times this minimum value, thus making some provision for warped 
and eccentric records. 

For styli, see Sect. 2(iii). 

Single purpose pickups for home use often incorporate a fixed spring counter- 
balance. Dual purpose pickups usually apply a higher stylus pressure for 78 r.p.m. 
than for fine groove records. In some cases the pickup head (or cartridge) includes 
the additional weight for 78 r.p.m., in other cases this is provided by an adjustment 
of spring tension or by a counterbalancing weight. 

It is desirable in all cases to keep the moment of inertia about both vertical and hori- 
zontal pivots to a minimum. 

Where a spring counterbalance is used, it should be checked periodically for pres- 
sure ; during weighing, the height of the stylus from the baseboard must be exactly 
the same as the top of the record. 

Up and down movements of the stylus tip, due to the pinch effect and small record 
surface irregularities should be absorbed by the vertical compliance of the stylus, 
without generating any output noise. . 

Pickups for 78 r.p.m. 

A stylus force not more than 1 ounce (say 30 grams) is desirable, with 2 ounces as 
the upper limit. 

One of the difficult problems with permanent tipped styli is provision for changing 
needles without adding seriously to the armature mass. Certain pickups are designed 
for use with miniature needles pushed into place and gripped by a wedge against 
which they are held by the pressure from the record. There are two troubles which 
may occur. The first is that the needle may rotate about its axis, thus placing its 
" flats " at some unknown angle to the groove — such a case is known to the author. 
This may be eliminated by tightening the clutch or by using a little cement. The 
second trouble is " buzz," which is more serious because there appears to be no cure ; 
however it only seems to occur on deeply modulated recordings of complex wave- 
form, and is only apparent when the frequency range is extended. 

Nearly all high fidelity pickups have the stylus permanently fixed to the armature — 
this appears to be essential for the high frequency resonance to occur above 10 000 c/s. 

Pickups for fine groove records 

The maximum desirable needle pressure is 6 grams (0.21 ounce) and high lateral 
compliance is essential. Pickups have been produced by many manufacturers, 
mainly using diamond, sapphire or osmium tips. 

Careful pickup arm design, specifically for fine groove recording, is of paramount 
importance. It is inadvisable to use a fine groove pickup head or cartridge on an 
arm other than that designed for it. 

A very simple and effective test for the tracking efficiency of a pickup and arm for 
fine groove records is known as the McProud Test (Ref. 314). A 45 r.p.m. record 
is placed on a standard turntable running at 45 r.p.m. with the maximum possible 
eccentricity (li inches swing), and the pickup is required to track the record satis- 
factorily. 

Dual purpose pickups have been designed which have two opposed needles 180° 
apart, suitable for playing either standard 78 r.p.m. or fine groove records. 

Pickups employ many principles of operation, but most types are basically either 
constant velocity or constant amplitude. For example both electro-magnetic {moving 
iron) and dynamic (moving coil) pickups are basically constant velocity, while piezo- 
electric (crystal) types are basically constant amplitude. Since the recording charac- 
teristic includes both constant velocity and constant amplitude sections, either group 
is satisfactory although requiring different equalization. 
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Resonances in pickups 

Most pickups have two major resonances. The arm resonance occurs at some 
frequency below 100 c/s, while the armature resonance occurs at some frequency 
about 3000 c/s. Both resonances have deleterious effects in increasing record wear. 
The arm resonance tends to cause the pickup to jump out of the groove when a high 
amplitude is recorded at the frequency of resonance — the frequency of resonance 
(if undamped) should be well below the lowest frequency for which acceptable track- 
ing is required ; say from 15 to 25 c/s. 

A recent development is the use of pickup arms with high viscosity oil or other 
viscous fluid to damp arm resonance. The damping may be applied as a viscous 
film in a ball and socket (hemispherical) joint between the pickup arm and the mount- 
ing socket, and gives damping in both horizontal and vertical directions. The arm 
is pivoted at a point which is the centre of both ball and socket, and above the centre 
of gravity of the arm. The clearance between the two surfaces is about 0.006 inch. 
By this means the resonant force is greatiy reduced, improved resistance to external 
shock is obtained and protection against damage from accidental dropping of the pickup 
head is achieved. The amount of mechanical resistance is not a critical value — 
the upper limit is reached when it interferes with the tracking of records having reason- 
ably small values of eccentricity or warpage. With the usual values of suspension 
compliance and mass, this would occur at several times the amount of resistance neces- 
sary to give critical damping of the arm resonance. Even if the damping is con- 
siderably below critical, it still has quite a beneficial effect. The viscosity of the fluid 
is a function of temperature, but the variation does not seriously affect the performance 
over a reasonable temperature range. Ref. 311. 

The armature resonance has a serious effect on needle scratch (see Sect. 1). 
" During operation the needle is subjected to a continuous shower of blows, and 
although highly damped by rubber buffers, it is in a state of perpetual oscillation at its 
own resonance frequency " (Ref. 229). In any quality pickup, the armature resonance 
with the recommended needle should be over 8000 c/s ; many light-weight pickups 
have the resonance at a frequency over 12 000 c/s — in some cases over 18 000 c/s. 

Pickups tend to be rich in harmonics at frequencies in the region of half the armature 
resonance frequency. In all cases the armature resonance should be effectively 
damped. Damping material used to obtain smooth response characteristics may 
adversely affect the tracking capabilities of the pickup, and therefore should be in- 
vestigated carefully and used judiciously (Ref. 285). 

The frequency of the armature resonance is affected by the record material — for 
example, a change from a lacquer disc to a shellac pressing causes in one case an 
increase in the resonant frequency in the ratio 1 : 2 approximately (Ref. 276). A 
pickup with an armature resonance well outside the a-f range on shellac discs, shows 
a much lower resonance frequency on vinyl — usually inside the a-f range. This is 
an unfortunate characteristic of vinyl. The only pickups known to the author with 
armature resonances above 15 000 c/s on vinyl fine groove recordings are of the ribbon 
armature type. 

There is a third resonance caused by the pickup head and arm rotating about the 
arm. With heavy pickups this resonance occurs at frequencies between 100 and 400 
c/s, but with light-weight pickups the frequency would be higher. This resonance 
does not have any effect on the general tonal balance, and in any case should be very 
slight with good mechanical design. 

Crystal pickups have a fourth resonance which occurs at a high frequency — the 
resonance of the crystal itself. 

References to resonances in pickups : 10 (Part 2), 17 (second letter), 276, 283, 285, 
311, 331. 
The testing of pickups 

The testing of pickups for frequency response characteristics is covered by R.M.A. 
REC-125-A which states that the test record sha" be R.M.A. Frequency Test Record 
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No. 1 when available. This is recorded on side A at a r.m.s. velocity of 3.16 cm/sec 
(+ 10 db). Crystal pickups are terminated by a load resistance of 1 megohm (or 
5 megohms for ammonium phosphate crystals) shunted by a capacitance of 100 jx/xF. 
Other types of pickups should be terminated as required. The response should be 
stated in decibels (0 db = 1 volt). 

Pickups should be tested under the same conditions with which they will operate 
in normal service. Pickups intended to be used on shellac records should be tested 
on shellac discs ; pickups intended for use on vinyl records should be tested on vinyl 
discs, while those intended for use on either type of disc should be tested separately 
on each. Pickups which are satisfactory on vinyl discs give, in some cases, quite 
poor results on shellac discs owing to the increased stiffness of the material and the 
reduction in damping by the record. This also applies to pickups with very limited 
vertical compliance — while passable on vinyl, they are poor on shellac. 

The variable speed turntable is sometimes used as an alternative to the standard 
frequency records for the calibration of pickups — see Refs. 273, 295. 

In the design and production of pickups it is usual to supply some form of electro- 
mechanical calibrator such as in Ref. 284. 

For distortion in pickups and the procedure for determining the " tracking " 
capabilities of a pickup see Sect. 6(vi). 



(ii) Electro-magnetic (moving iron) pickups 

All " moving iron " pickups have a steady field supplied by a permanent magnet, 
a coil wound over the magnetic circuit, and an iron armature in the magnet gap. 
The old type of heavy pickup of this type used with shellac records weighed about 
3 \ ounces (say 100 grams) and had low lateral compliance. It will not be further 
described. 

The more recent light-weight models are capable of good fidelity, and some models 
are among the best pickups available. The increased fidelity and higher compliance 
are obtained at the cost of lower output level — very much lower in some cases. 

Electro-magnetic pickups may arbitrarily be divided into three groups, based on the 
output voltage developed across the pickup with recorded velocity 3.16 cm/sec 
(+ 10 db). 

(a) High level — output voltage above 100 millivolts. 

(b) Medium level — output voltage from 20 to 100 millivolts. 

(c) Low level — output voltage below 20 millivolts. 

Some typical representatives in each group are described below. In most cases 
the descriptions are based on published information supplied by the manufacturer. 
The inclusion of certain models should not be taken as indicating their superiority 
over types not included. 

(a) High level pickups 

Decca ffrr pickup type D (English) — standard groove 

This pickup is of the needle armature type, having a hollow armature fitted with 
a sapphire, tungsten carbide or diamond stylus. The armature suspension and damp- 
ing are of rubber ; the stylus, armature and rubber suspension are replaceable as 
one unit. The low frequency resonance is 25 c/s, while the armature resonance is 
about 17 000 c/s. The impedance of the pickup is 4200 ohms at 1000 c/s and the 
output 0.2 volt at the same frequency ; lower impedances are also available. The 
frequency response corresponds to the velocity characteristic of the ffrr record within 
± 1 db. The whole armature including stylus and damping blocks is replaceable 
by the user. The stylus tip is available in both round and oval shapes. 

Lateral compliance 1.1 x 10~ 6 cm/dyne 
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Impedance at arm resonance frequency (approx.) 17 000 dynes/sec./cm. 

Distortion in pickup less than 2% 

Stylus force 22 to 24 grams (0.78 to 

0.85 ounce). 
Load resistance 100 000 ohms 

(b) Medium and low level pickups 

Connoisseur Super Lightweight pickup (English) — standard and microgroove 

This is a high-fidelity pickup with interchangeable heads. Heads are available 
with 1 mil, 2.5 mil and 3 mil radii sapphire tips. The frequency response is level 
± 2 db from 25 to 15 000 c/s. The 25 ohm model gives 10 millivolts output, or 
300 millivolts from a 1 : 50 transformer. The 400 ohm model gives 40 millivolts, 
or 200 millivolts from a 1 : 6 transformer. The armature mass is 20 milligrams, 
and the dynamic mass* is 0.8 milligram. The stylus force is 8-10 grams (standard) 
or 4-6 grams (microgroove). The pressure is automatically corrected by weights 
in the plug-in head. 



Goldring Headmaster (English) — standard and microgroove 

This is a high-fidelity pickup with interchangeable heads. Heads are available 
with 1 mil, 2 mil, 2.5 mil and 3.5 mil radii sapphire tips. The frequency response 
with 2.5 mil needle is level to 7000 c/s, - 1 db at 10 000 c/s, + 1 db at 16 000 c/s, 
db at 17 000 c/s and — 5 db at 20 000 c/s ; at the other end it rises smoothly from 
100 to 30 c/s where it is + 3 db. The output is 40 millivolts (from the pickup itself) 
and stylus force 20 grams (0.7 ounce). It has high lateral stylus compliance, low 
inertia, and high vertical compliance. This is a good-all-round pickup for home 
gramophones. 

Pickering cartridges (American) standard and microgroove 

Model S-120M (sapphire stylus), or D-120M (diamond), is for standard record- 
ings, and has a 2.7 mil radius tip. A stylus force of 15 grams is sufficient for tracking. 

Model S-140S (sapphire), or D-140S (diamond), is for microgroove recordings, 
and has a 1.0 mil radius tip. A stylus force of 6 grams is recommended. 

Both models give an output of 70 millivolts with a recorded velocity of 10 cm/sec. 
The frequency response with a load resistance of 27 000 ohms is level from 30 to 
9000 c/s, + 2 db at 20 c/s, + 2.5 db at 12 000 c/s and falling above that frequency. 
A lower load resistance attenuates the higher frequencies, while a higher load re- 
sistance reduces the damping on the pickup, decreases the signal-to-noise ratio, and 
is generally undesirable. 

Constants of moving system 

Lateral moment of inertia 11 mg cm 2 

Lateral compliance of stylus 1.0 x 10 -6 cm/dyne 

Vertical compliance of stylus 0.2 x 10~ 6 cm/dyne 



Pickering Turn-over pickup (American) — all records 

This model 260 pickup may be turned over for either 78 r.p.m. or microgroove 
operation. It has an output of 30 millivolts at a recorded velocity of 10 cm/sec. 
It is available with diamond stylus only. 

* Dynamic mass (also known as equivalent mass or effective mass) is that mass which, if concentrated 
at the stylus point, would possess the same inertance as that of the moving system. 
See also Refs. 248, 283. 
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G.E. variable reluctance pickup (American) — standard and fine groove 

This is a magnetic pickup having almost ideal characteristics except that the output 
voltage, is low (10 millivolts at 4.8 cm/sec). It has no " needle talk " and has con- 
siderable resistance to shock. It has a large degree of vertical compliance, while 
Vertical movement does not cause any electrical output. The suspension is free from 
any deleterious effects such as standing waves or cross-modulation, and the con- 
struction is designed to reduce hum pickup. The open circuit output voltage is 
nearly "flat from 20 to 10 000 c/s, with a rise of 2 db at 10 000 c/s. The load re- 
sistance is usually between 5000 and 50 000 ohms, the lower values giving reduced 
high frequency response. The minimum stylus force is 16 grams (say 0.6 ounce) 
and the normal value is from J to 1J oz. (1 oz. on home type). 

Dynamic mass of stylus 8 milligrams 

Suspension compliance (lateral). 0.87 x 10~ 6 cm/dyne 

Load impedance, normal 6800 ohms. 

The cartridge is fitted with interchangeable styli, including 1 mil, both diamond 
and sapphire. For a suitable pre-amplifier see Fig. 17.26. 

References 93, 106, 187, 234, Catalogues. 

R.C.A. Light weight pickup — transcription and fine groove 

Model MI-11874 pickup, MI-11875 arm. See Refs. 296, 313 and R.C.A. cata- 
logues. 

A plug-in pickup head is used, permitting immediate change from 1.0 to 2.5 mils 
without necessitating any adjustment of arm balance. Stylus force is 8 grams for 
1.0 mil and 12 grams for 2.5 mil. Diamond styli are used. Tone arm resonances 
are outside of the operating frequency range The vertical and horizontal pivots 
have very low friction. Frequency response (1.0 mil) at output from filter 50 to 
12 000 c/s ± 1 db, 40 c/s at — 4 db. Voltage output at 1000 c/s on open circuit 
= 11 mV with 6.1 cm/sec. test record. Output from filter — 64 dbm. Test record 
460625-6. Hum level — 139 dbm with magnetic flux density 1 milligauss. Output 
pickup impedance 135 ohms at 1000 c/s. Filter output should be connected to 
unloaded input transformer of amplifier designed to operate from 250 ohm source. 
Intermodulation distortion is low to the point where it is not possible to determine 
accurately whether the distortion is in the record or the pickup. 

E.M.I. Unipivot transcription pickup (English) — standard and microgroove 

This Model 17 pickup has interchangeable styli for standard and microgroove, 
and the arm has an oil damping system. Its impedance is 1 ohm at 1000 c/s, and the 
output at the secondary of the transformer is 30 millivolts (high ratio), or 4 milli- 
volts (600 ohms), or 2.25 millivolts (200 ohms). The frequency response is sensibly 
level from 30 to 12 000 c/s with standard stylus (armature resonance above 15 000 
c/s). Total harmonic distortion at 400 c/s is less than 5% for a recorded level of 
+ 20 db (0 db = 1 cm/sec). The stylus force is 6 grams. 

Audak Polyphase (American) — two styli 

This has two separate styli, each with its own vibrating armature. One stylus force 
(6-8 grams) is used for all records. Either sapphire or diamond styli may be used, 
and may readily be replaced. Output is about 20 millivolts, and frequency response 
30 to 10 000 c/s, level ± 1 db from 80 c/s upwards, with gradual rise to + 2 db at 
30 c/s. Armature resonance is at 9000 c/s. 

(iii) Dynamic (moving-coil) pickups 

A dynamic pickup has a coil, with a stylus attached to cause movement of the coil, 
mounted in a magnetic field and operating as a generator. 

With good design this construction is virtually distortionless at low frequencies, 
but the output voltage is very low and a high-ratio transformer is always used in con- 
junction with it. One possible difficulty is hum which may arise either through 
induction from the turntable motor to the moving coil, or through hum picked up 
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by the transformer ; special mu-metal shielded transformers may be necessary to 

obviate the latter trouble. 

Fairchild dynamic pickup (American) — transcription 

The low frequency resonance is at 18 c/s and the armature resonance is over 12 000 
c/s with only 2 db rise at the latter frequency. Tracking may be obtained on a flat 
and true record with a needle pressure of only 5 grams (say 0.2 ounce) but the normal 
needle pressure has been increased to 25 grams (say 0.9 ounce) for best performance 
under all conditions. The moving coil is supported by two plastic vanes, and a 
diamond point is used. Ref. 57. 

Lexington moving-coil pickup (English) — home type 

The Lexington senior moving-coil pickup uses a perspex tube for supporting the 
stylus and coil. This provides a limited vertical compliance to allow for the " pinch 
effect " in records and also for rough handling ; a positive stop is also provided to 
prevent damage to the tube when the pickup is dropped. The pivots are mounted 
in jewels and special removable sapphire needles (non-rotating) are used. The stylus 
force is i ounce (say 14 grams) and the output is level within ± 2 db from 30 to 12 000 
c/s. The output from the pickup is 1 millivolt, and a 1 : 50 transformer is supplied 
with mu-metal screening if required. The bass resonance is below 30 c/s and there 
is a slight broad peak (+2 db) in the region from 5000 to 7000 c/s. See also Refs. 
71, 86. 

(iv) Piezo-electric (crystal) pickups 

A piezo-electric crystal is one which, when strained, produces electric charges on 
certain of its faces, the magnitude of these charges being directly proportional to the 
strain. In practice, two slabs of a suitable piezo-electric material are usually cemented 
together with one electrode between the slabs and another in contact with both outer 
faces. The slabs are cut in such a manner that a torque (in the case of a " twister " 
crystal) or a flexure (in the case of a " bender " crystal) will produce a potential 
difference across the electrodes. This assembly is known as a " bimorph," the tor- 
sional variety being used in most crystal pickups. The output from a crystal pickup 
is directly proportional to the amplitude of the stylus displacement. 

The most commonly used crystal is sodium potassium tartrate (Rochelle salt). 
This is seriously affected by both high temperatures (over 125 °F) and high humidity ; 
some units are protected from humidity by a water-tight casing. 

Other materials include ammonium dihydrogen phosphate (Ref. 158) which is not 
affected by high temperature or humidity, and ceramic piezo materials (barium 
titanate etc.). The latter is described on page 721. 

The equivalent circuit of a crystal pickup is a capacitance in series with a generator 
of zero impedance. At 1000 c/s the impedance of many typical pickups is about 
0.5 megohm, indicating a capacitance of about 0.0003 /*F. One manufacturer (W.E.) 
produces pickups with impedances from 0.08 to 0.2 megohm, indicating capacitances 
from 0.002 to 0.0007 /*F respectively. 

Some crystal pickups are fitted with bent styli to provide vertical compliance for 
the " pinch effect " and to reduce " needle talk," while others make provision for 
vertical compliance inside the pickup. 

Crystal pickups may be divided into general-purpose types and light-weight high- 
fidelity types, although there are some with intermediate characteristics. General- 
purpose crystal pickups have fairly high output, about 1 volt at 1000 c/s, with both 
arm and armature resonances within the working frequency range. A simple equal- 
izer circuit is Fig. 17.29, Although these pickups are frequently used without any 
equalizer. The stylus force of modern types is usually less than 2.5 ounces (70 
grams). Some crystal pickups are available — both standard and fine groove — with 
a highly compliant drive and capable of tracking with a stylus force of about 8 grams 
(e.g. Shure " vertical drive "). 

The output from a crystal pickup, which may be 1 volt at 1000 c/s, may rise to 
more than 3 volts r.m.s. at frequencies around 100 to 250 c/s — if no equalising is used, 
there is danger of overloading the first valve in the amplifier. A resistance attenuator 
may be used to reduce the voltage to any desired value. 
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One manufacturer (Electro- Voice) produces a torque-drive pickup in which vertical 
movement of the needle produces no output voltage, thereby reducing noise and rumble 
(Refs. 142, 158). 

High fidelity crystal pickups have outputs between 0.5 and 1 volt at 1000 c/s and 
stylus forces between 0.5 and 1.5 ounces (14-42 grams). The frequency response, 
when equalized, is approximately flat from a low limit of 25, 30, 40 or 50 c/s to a top 
limit of 8000, 10 000 or 12 000 c/s. Suitable equalizer circuits are given in Figs. 
17.31, 17.32, 17.33. The lateral needle tip impedance of a typical model (Acos 
GP12) is 1300 grams per centimetre (compliance = 0.8 x 10 -6 cm. per dyne). 

References to crystal pickups : 81, 106, 120, 142, 158, 301. 

The ceramic pickup described in Ref. 178 uses barium titanate in the form of a 
ceramic. It is free from any appreciable effects from temperature from — 70° to 
+ 70°C, and is also independent of humidity effects. The output obtained from the 
pickup is 0.75 volt at 1000 c/s and the stylus force is 22, grams (0.8 ounce). The 
dynamic mass at the stylus point is 4' milligrams at 10 000 c/s. The lateral com- 
pliance at the stylus point is 0.5 x 10 -6 cm. per dyne or better. The equivalent 
capacitance of the pickup is about 900 /jljjlF and the optimum load impedance is one 
megohm. The unequalized output voltage curve is free from sharp peaks and extends 
from 50 to 10 000 c/s, maximum output occurring at 200 to 400 c/s and falling by 
6 db at 50 c/s and 15 db at 10 000 c/s. 

A ceramic pickup has been developed for fine groove reproduction with a needle 
pressure of 6 grams, an output voltage of 0.25 volt at 1000 c/s on a standard test 
record, and a lateral compliance of 0.75 x 10 -6 cm/dyne (Ref. 178). 

(v) Magnetostriction pickups 

Magnetostriction is that property of certain ferro-magnetic metals, such as nickel, 
iron, cobalt and manganese alloys which causes them to shrink or expand when placed 
in a magnetic field. Conversely, if subjected to compression or tension, the magnetic 
reluctance changes, thus making it possible for a magnetostrictive wire or rod to vary 
a magnetic field in which it may be placed. This is true for lateral as well as for 
longitudinal strains, and on this principle the magnetostriction pickup works. 

In the pickup a permanent stylus is fastened at right angles to the centre of a piece 
of nickel wire. Two pickup coils are placed over the magnetostriction wire on each 
side of the stylus, and the wire is given a slight twist and placed between the poles of 
a permanent magnet. This effectively gives a push-pull output. 

The TM pickup described (Ref. 82) has an output of 0.086 volt from the secondary 
of the step-up transformer loaded by 0.1 megohm. The stylus force is 0.7 ounce 
(20 grams). The frequency response (Ref. 76) -is level within ± 2 db from 200 to 
8000 c/s and — 8 db at 15 000 c/s ; it rises to fig.it.* ^^J," - " 50 ^ I 
+ 5 db at 100 c/s and + 6 db at 50 c/s. The ■"" T, n nm«T -L 

design is such that magnetic fields cause very little 
hum pickup. 

References 76, 82. 



(vi) Strain-sensitive pickups 

This pickup is based on the principle that the 
resistance of a conductor changes when the con- 
ductor is strained. Direct current is passed 
through the conductor while in operation. Some 
low impedance designs are described in Ref. 234 ; 
these all require a step-up transformer. 

A recent high-impedance commercial type is 
the Pfanstiehl which has a resistance of about 
250 000 ohms, giving an output of about 10 to 
15 millivolts and a noise level of about 5 micro- 




Fig. 17.6. Pre-amplifier for use 

with strain-sensitive pickup {Ref. 

336) 
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vdlts. Since the pickup is a constant-amplitude device, special methods are required 
for frequency compensation. The pre-amplifier of Fig. 17.6 gives the required fre- 
quency contpensation with continuously-variable controls (see Ref. 336 for settings 
for some American records) and an output of about 2 volts with types 6AU6 and 12AU7. 
The final stage is a cathode follower. Refs. 96, 303, 336. 



(vii) Ribbon pickups 

Ribbon pickups operate on the same general principle as the ribbon microphone, 
and the output is necessarily very low. For this reason a high ratio step-up trans- 
former, magnetically shielded, and a high gain pre-amplifier are required. One 
design is described below. 

Brierley ribbon pickup (English) — home type (Type 4) 

This pickup has two gold ribbons backed by a material selected for its self- 
damping properties. There is, in consequence, no measurable high frequency reson- 
ance and this is largely responsible for an extremely low level of buzz. For vibrations 
in the direction of the groove the damping is independently controlled and very high, 
but for lateral movements the restoring force is extremely low — lower than that' of 
any other pickup known to the author. The vertical compliance is high, although 
only half that of the Pickering transcription pickup. The pickup is supplied with 
a transformer in a mu-metal case, the secondary being loaded by a 0.1 or 0.25 megohm 
resistance. This pickup may be used on any type of record, including microgroove, 
without changing tracking pressure. However, the pressure on microgroove can be 
halved. 

Normal tracking pressure 1/8 ounce (3.5 grams) 

Lateral compliance 13 x 10~* cm/dyne 

Vertical compliance 0.09 x 10~ 6 cm/dyne 

Arm resonance 5 c/s 

Armature resonance not less than 32 000 c/s. 

Frequency response flat from 30 to 20 000 c/s, rising to + 2 db at 20 c/s. 

Voltage output (across secondary) 10 millivolts 

Dynamic mass about 2 milligrams. 

Stylus tips are either diamond or tungsten carbide, the life of the latter being claimed 
to be much longer than that of sapphire under similar conditions (Refs. 157, 277). 
Stylus tip radii are 1 mil and 2.5 mils. 

It seems likely that the signal to hum ratio of the pickup itself is approximately 
the same as that of a multi-turn moving coil pickup — however see Ref. 312. The hum 
introduced in the pickup leads and the hum introduced by the transformer are more 
significant with the ribbon pickup, but may be reduced to very low values by good 
design. 

(viii) Capacitance pickups 

A capacitance pickup, in which the movement of the stylus causes a change of 
capacitance, provides such a small output voltage that it normally requires a very 
high gain pre-amplifier. However, when it is used to change the frequency of an 
oscillator, and the output from the oscillator is applied to some form of F-M detector, 
the output voltage is ample to operate the usual 2-stage amplifier in a radio receiver. 
In the case of a F-M receiver, the output from the oscillator may be coupled directly 
to the aerial terminal or to some convenient point in the circuit. Care must be taken 
to avoid radiation on any band used for radio communication. 

A simplified arrangement is shown in Fig. 17.7 in which V^ is used as an oscillator 
tuned to resonance by L 1 C 1 . The inductor L 2 in the grid circuit is made self-resonant 
at a frequency near that of the plate circuit. Conventional grid-resistor biasing is 
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FIG. 17.7 




Fig. 17.7. Using a capacitance 
pickup to provide audio frequency 
output from an oscillator (Ref. 119). 



provided by R^. The capacitance pickup is connected between grid and plate, 
and any variation in capacitance will affect the amount of feedback and therefore also 
the amplitude of oscillation and the voltage drop across R t . The latter, filtered by 
RFC and C 3 , provides the a-f output which is of the order of 1 volt (Ref. 119). 
References to capacitance pickups: 14, 45, 50, 119. 

(ix) Eddy-current pickups 

In this type of pickup the stylus moves a high-resistance vane in proximity to the 
inductor of a resonant circuit in an oscillator. The motion of the vane changes the 
resistance reflected into the tuned circuit and thereby produces amplitude modulation 
of the oscillator by varying the losses. The amplitude modulation is detected to 
provide the a-f output voltage. In the Zenith " Cobra " the total harmonic distortion 
does not exceed 2% and the frequency range extends from 50 to nearly 4000 c/s, 
with a sharp cut-off at 4000. The level from 1500 to 3500 c/s is 8 db below that at 
500 c/s (Ref. 65). 



SECTION 4 : TRACKING 

(*) General survey of the problem (ii) How to design for minimum distortion 
The influence of stylus friction. 



(iii) 



(i) General survey of the problem 

With any pivoted pickup arm it is obvious that the angle between the axis of the 
pickup and the tangent to the unmodulated groove must change as the pickup moves 
across the record. This results in (1) harmonic and inharmonic spurious frequencies 
caused by frequency modulation ; (2) side thrust on the record grooves ; (3) increased 
record wear (in extreme cases only). 

It is therefore advisable to take steps to reduce these effects to satisfactorily small 
values. The condition for minimum angular tracking error does not provide mini~ 
mum distortion, because the tracking angle is most critical at the innermost groove. 
As a matter of interest, it is possible to design a pickup with an angular tracking error 
not exceeding 2\° with a length of about 1\ inches, but this is not the optimum design. 

References to methods for minimizing angular tracking error : 54 (correction in 
Ref. 55), 56, 85. 

The following summary is based on the detailed analysis by Baerwald (Ref. 228X 
The subject has also been dealt with in more popular form by Bauer (Ref. 52). The 
frequency modulation effect is a frequency modulation of the signal by itself, which 
produces " side band " frequencies. When the signal is a pure sine-wave of frequency 
/, the dominant " side band " frequency is 2/, which is the same as the second har- 
monic. The distortion may therefore be treated as second harmonic distortion, the 
value being given by : 

Percentage 2nd harmonic = (wAct/V) x 100 (1) 

= (vjt/V) x 100 (2) 
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where a> = 2-nf 

A = maximum groove amplitude in inches 

a = tracking error expressed in radians (= angle in degrees divided by 57.3) 
V = longitudinal groove velocity in inches per second, 
and v„ = maximum transverse velocity in inches per second = <aA. 
Equations (1) and (2) indicate that 

(1) Distortion is directly proportional to the maximum transverse velocity. 

(2) Distortion is directly proportional to the maximum groove amplitude at any 
one frequency. 

(3) Distortion is directly proportional to the tracking angle. 

(4) Distortion is inversely proportional to the revolutions per minute. For equal 
distortion, more careful tracking angle correction is required with 33-1/3 r.p.m. than 
with 78 r.p.m.j other conditions being the same 

(5) Distortion is constant over the " constant velocity " portion of a recording 
characteristic, other conditions being unaltered 

(6) The angular tracking error may be increased in the same proportion that the 
radius is increased, for the same distortion (roughly 3 : 1 ratio over a 12 inch record). 
Example of distortion 

Consider the distortion with a 12 inch 78 r.p.m. record having 2° angular tracking 
at the innermost groove, recorded with a sine wave having a peak amplitude of 0.002 
inch at a frequency of 250 c/s (this being the cross-over frequency), the r.m.s. velocity 
being 6.31 cm/sec. 

Here a = 2/57.3 radians ; A = 0.002 ; a> = 2n x 250 ; r = 1.875 inches ; 
V = 27rr(78/60) = 15.3 inches/second. 

From equation (1) 

2ir x 250 x 0.002 x 2 x 100 

Percentage 2nd harmonic = ==-z 7=-- = 0.72% . 

57.3 X 15.3 

If the cross-over frequency had been 500 c/s, with the same recorded velocity 

(i.e. half the amplitude), the distortion would have been the same. Some frequency 

test records are recorded with a velocity less than 6.31 cm/sec, so that the distortion 

due to tracking error would be less than the value stated above. The harmonic 

distortion as determined for sinusoidal signals gives a fair estimate of the relative 

tracking distortion produced by complex signals over the " constant velocity " 

portion of the characteristic. 




^ooo 

Frequency (c/») 



5,000 
Frequency (c/«) 



10,000 
FIG. 17. 9 Frequency (c/,) ^^ 

Fig. 17.9. Constant velocity recording characteristics showing relative variation of 

groove amplitude with frequency. 
Fig. 17.10. Frequency characteristic of ideal constant velocity pickup) for constant 
amplitude of needle point. 

The constant velocity recording characteristic provides a groove amplitude which is 
inversely proportional to frequency (Fig. 17.9). The ideal constant velocity pickup 
(a high-fidelity electro-magnetic type is a close approximation) provides an output 
voltage which is proportional to the frequency, for constant amplitude at the stylus 
point. It follows that with tracking distortion (or any other form of distortion caused 
by the groove, needle, or pickup) the harmonics are accentuated in proportion to 
their frequencies. This effect has been taken into account in the derivation of equa- 
tions (1) and (2). 
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It has been proposed (Ref. 228) that a suitable upper limit for tracking distortion 
is 2% with 0.001 inch peak amplitude as for transcriptions or 4% with 0.002 inch 
peak amplitude as for shellac discs ; it seems that 1 % is a preferable limiting value 
for good fidelity. On this latter basis the maximum tracking error for 12 inch discs 
will be 2.8° for 250 c/s cross-over frequency, or 1.4° for 500 c/s crossover frequency, 
both measured at the innermost groove, or three times these values at the outermost 
groove. 

No additional record wear occurs due to tracking error with permanent needles 
having spherical tips. Additional record wear may occur with steel needles or with 
worn sapphire tips if the tracking error is serious. 

(ii) How to design for minimum distortion 

A straight-arm pickup (not offset) is shown in Fig. 17.11 where D represents the 
distance from the centre of the record to the pivot of the pickup arm, L represents 
the length of the arm measured from the pivot to the needle point while r x and r 2 
represent the radii of the outermost and innermost grooves. In this example the 
pickup is mounted so that the needle point will pass over the centre of the record, 
but this is not the position giving the best results. It is obvious that the axis of the 
pickup is not a tangent to the groove. 

Minimum distortion is always obtained from a straight-arm pickup when it is 
" underhung," that is when the needle point comes short of the centre of the record 
by a small distance d, the optimum value of which is given below. 



Axis of 
Pickup 



Tangent to 




Inner 
Groove 




Inner 
Groove 



Fig. 17.11. Straight-arm pickup 
on record. 



FIG. 17.12 

Fig. 17.12 



. Offset-arm pickup 
on record. 



riV 2 



Straight-arm— not offset (Fig 17.11) 

Optimum underhang = d 0Pt = 2 + ^ 

For 10 inch discs d ovt = 3.04/L. 
For 12 inch discs d ovt = 3.18/L. 
These are based on the values : 

For 10 inch discs r x = 4.75 r 2 = 1.875 inches. 
For 12 inch discs r r = 5.75 r 2 = 1.875 inches. 
With L = 8 inches, d 01>t = 0.380 inch for 10 inch discs 
= 0.397 inch for 12 inch discs. 



(3) 
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These values for d ovi are critical, and should be measured accurately. It is safer 
to keep below than to go above the optimum overhang. 

The angular tracking error a at any position on the record is the angle between 
the axis of the pickup and the tangent to the groove at the needle point. (Figs. 17.1 1 
and 17.12). 

With a straight arm, using any value of underhang (Fig. 17.11), 

*~ 57 - 3 (2X+f) (4) 

with an error less than 1°. 

The optimum value of underhang is given by eqn. (3) ; using this value and also 
the values of r, and r 2 as for 12 inch discs, with r = r 2 (innermost groove) and L — 8 
inches, the corresponding value of tracking error is approximately 18.6°. The dis- 
tortion is therefore approximately 6.7% at this point, on the constant velocity charac- 
teristic. 

Fig. 17.12 shows a pickup with an offset arm for the purpose of reducing dis- 
tortion due to tracking error. This differs from the straight arm in that there is an 
offset angle j8 between the axis of the pickup and the straight line joining the pivot 
to the needle point. Note that this angle JS is not equal to the angle of the bend in 
the arm. In this case minimum distortion is always obtained when the pickup is 
" overhung," that is when the needle point passes beyond the centre of the record 
by a distance — d, the optimum value of which is given below, on the assumption 
that the optimum value of offset angle is used. 

When a pickup is mounted to provide minimum tracking distortion when used 
with ordinary needles, the use of bent-shank or trailing type needles will seriously 
affect the tracking distortion. In cases where either type of needle may be used, a 
compromise may be necessary. When bent-shank needles only will be used, the 
increased length of arm should be allowed for. 

Offset arm (optimum offset angle) (Fig. 17.12) 

Optimum overhang = -d ovt = L[i(ri + \y + r ^ (5) 

For 10 inch discs -d ovt = 3.99/L. 

For 12 inch discs — d ovt = 4.60/L. 
When L = 8 inches : 

For 10 inch discs — d ovt = 0.499 inch. 

For 12 inch discs — d BJ , t = 0.575 inch. 
The optimum offset angle (]S in Fig. 17.12) is given by 
• a rirsfri + r 2 ) 

Sm *•" = UXn + r,)» + nr,] (6) 

For 10 inch discs sin p opt = 2.96/L. 
For 12 inch discs sin p opt = 3.26/L. 
When L = 8 inches : 

For 10 inch discs /3 0J(t = 21°41'. 

For 12 inch discs /3 0J) , = 24°3'. 
The harmonic distortion with optimum overhang and offset angle is given for 12 
inch discs approximately by 

5.5 
Percentage 2nd harmonic distortion ^ , 

V*- 2 - H.6 
If L = 8 inches, 2nd harmonic distortion f*a 0.76%. 

(iii) The influence of stylus friction 

The stylus friction gives rise to an undesirable excess pressure on the inner groove 
wall when the optimum offset angle is used. A moderate amount of side-thrust is 
not detrimental, because it helps to overcome pivot bearing friction, but unduly large 
values of side-thrust tend to pull the pickup and needle out of the groove towards the 
centre of the record ; this effect is most pronounced towards the inner groove of the 
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record. In automatic record changers it is sometimes necessary to use an offset 
angle smaller than the optimum value, accompanied by a reduction in " overhang," 
and to put up with the increased distortion. With light-weight pickups, manually 
operated, the side-thrust is harmless when the design is based on minimum distortion. 
References to tracking : 52, 53, 54, 55, 56, 85, 228, 249. 



SECTION 5 : RECORDING CHARACTERISTICS, EQUALIZERS 
AND AMPLIFIERS 

(i) Recording characteristics (ii) Pre-amplifiers for use with pickups (iii) Intro- 
duction to equalizers (iv) High-frequency attenuation (scratch filter) (v) Equalizers 
for electro-magnetic pickups (vi) Equalizers for crystal pickups (vii) Equalizers 
applying negative feedback to the pickup (viii) Miscellaneous details regarding equal- 
izing amplifiers (ix) Complete amplifiers (x) Pickups for connection to radio re- 
ceivers (xi) Frequency test records. 

(i) Recording characteristics 

If a constant input voltage is applied to a recording amplifier, the curve relating 
frequency and the r.m.s. velocities recorded is known as the recording characteristic 
Some ideal theoretical recording characteristics are shown in Fig. 17.13. 




R-io 



S00 1,000 

FREQUENCY (C/s) 

Fig. 17.13. Ideal recording characteristics. 

The recording characteristic is usually regarded as having three sections — 

1. A constant amplitude characteristic from the lowest recorded frequencies to 
the cross-over frequency. This has a slope of 6 db per octave. 

2. A flat characteristic (constant velocity) from the cross-over frequency to the 
frequency at which high-frequency pre-emphasis commences, 

3. A high-frequency pre-emphasis section. 

When examining recording characteristics it is helpful to be able to convert readily 
from db per octave to db for a frequency ratio of 10* : 
6 db/octave = 20 db/10 times frequency ratio. 
3 db/octave = 10 db/10 times frequency ratio. 
The recorded velocity is proportional to the output voltage from an " ideal " electro- 
magnetic pickup. When using such a pickup it is necessary to boost the output 
voltage at frequencies below the cross-over frequency, and to attenuate at frequencies 
covered by the pre-emphasis. This frequency selective amplification is called equal- 
izing. 

*A table of frequency ratios, octaves and decades is given in Chapter 7 Sect. 3(v), page 368. 
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Cross-over frequency 

The most popular cross-over frequencies are 250, 300, 350 and 500 c/s, and these 
are compared in Fig. 17.13 on the basis of equal peak amplitude in the constant 
amplitude sections. For convenience the 250 c/s cross-over point has been taken as 
db The constant velocity section of the characteristic with 300 c/s cross-over 
frequency is at a level of + 1.5 db, while that of the characteristic with 500 c/s cross- 
over frequency is at a level of + 6 db relative to the characteristic with a 250 c/s 
cross-over frequency. 

Thus it is possible to increase the level of recording of the constant velocity section 
of the characteristic without increasing the maximum amplitude, provided that the 
cross-over frequency is increased. This appears very attractive at first sight since it 
increases the signal-to-noise ratio, but for an increase of 6 db above the cross-over 
frequency it involves 

(a) Twice the recorded velocity, 

(b) Twice the tracking distortion, 

(c) At least twice the harmonic distortion from a given pickup, 

(d) An additional 6 db of " equalizing " amplification of low frequencies, tending 
to cause trouble with hum and rumble. 

There is no " optimum " cross-over frequency because the choice is necessarily 
a compromise. Where distortion is the principal criterion, a low cross-over fre- 
quency from 250 to 350 c/s will be adopted for standard groove 78 r.p.m. Where 
needle scratch is troublesome with 78 r.p.m. a high cross-over frequency of say 500 
c/^ may be adopted. With fine groove recordings a cross-over frequency of 400 or 
500 c/s is about the optimum choice. 

In practice the sharp knee between sections 1 and 2 is rounded off ; the cross-over 
frequency is then defined as the frequency of intersection of the two asymptotes, 
provided that the recording characteristic at this frequency is not more than 3 db below 
the point of intersection of the asymptotes. 

If the recording characteristic includes high-frequency pre-emphasis, it is necessary 
to re-draw the curve for the condition without high-frequency pre-emphasis before 
determining the cross-over frequency as described above. 
High-frequency pre-emphasis 

The third section of the recording characteristic is the high-frequency pre-emphasis 
curve. This may, in the ideal case, be taken as a straight line with a slope of, say, 
3 or 6 db/bctave as in Fig. 17.13. Of course in practice the sharp junction is rounded 
off and the recording characteristic gradually approaches the " ideal " straight line. 
Alternatively the pre-emphasis may be specified in the form of a time constant such 
as, say, 100 microsecond pre-emphasis. The latter method is covered in Chapter 15 
Sect. l(vi) ; k is restricted to an asymptotic slope of 6 db/octave, but the time constant 
determines the frequency at which it becomes effective as tabulated below : 
Time constant 40 50 75 100 150 usees. 

Rise of 3 db at 4000 3220 2150 1610 1075 c/s. 

All modern American and some English records use some degree of high-frequency 
pre-emphasis*, although they differ in degree. Assuming that in each case the am- 
plifier is equalized* to provide a level-play-back characteristic, the greater the pre- 
emphasis the greater the possible dynamic range and the lower the scratch level. 

However there are two factors which place a limit on the amount of pre-emphasis 
which may be used. The first of these factors is the radius of curvature of the groove 
which at high frequencies and high amplitudes, especially towards the inner portion 
of the record, cannot be tracked accurately. The radius of curvature is inversely 
proportional to the maximum amplitude of recording. If the maximum amplitude 
is reduced, the high frequency pre-emphasis may be increased and in the extreme 
case constant ampl itude recording may be used throughout (Ref. 240). 

' *Any equalizing which is necessary to correct deficiencies of any of the components of the recording 
system is corrective equalization, not pre-equalization. The distortion of the frequency characteristic 
from flat (from air to record track) to some other characteristic is pre-equalization or pre-emphasis 
(Ref. 247). 

There is reason to believe that some record manufacturers who nominally adept 16 db pre-emphasis 
at 10 000 c/s use part of this for corrective equalization for deficiencies of their equipment at high 
frequencies, and only the balance for true pre-emphasis (Refs. 247, 256; 193 discussion by E. w. 
Kellogg). 
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The second factor is the peak frequency spectrum characteristic of the music being 
recorded. The effect of the decreased amplitudes at high frequencies in speech and 
music has been investigated (notably Ref. 42) but there is insufficient information 
available concerning the instantaneous distribution of energy within the recorded 
spectrum. Curves based on the work of Sivian, Dunn and White indicate that " no 
large increase in distortion occurs in reproducing the 16db pre-empha sized continuous 
spectrum . . . yet the addition of a few prominent tones to this spectrum in the 
region above 2000 cycles will result in intolerable distortion " (Ref. 42). 

Pre-emphasis on shellac discs 

If the tracking* difficulty could be overcome, it is possible that the N.A.B. pre- 
emphasis characteristic would not be excessive (Ref. 193) but unfortunately it is the 
tracking* problem which is the stumbling block. In one test, three records were cut 
simultaneously with different values of pre-emphasis and played back on a system with 
the maximum de-emphasis. The record with the 6 db pre-emphasis " reproduced 
more highs and cleaner highs than the one with the 15, indicating that the overload on 
the latter was so bad that it was not being tracked* " (Ref. 193, discussion by J. P. 
Maxfield). 

The use of the full N.A.B. pre-emphasis (16 db at 10 000 c/s) on standard shellac 
discs has come in for much criticism. It is claimed that the cymbals and certain 
brass instruments will overload the system at high frequencies, although this could be 
taken care of by the use of a limiting amplifier which reduces the gain for the short 
period required (Ref. 197). Another writer states that trouble had been experienced 
through overmodulation by second and third harmonics of the soprano voice when a 
rising characteristic between 1000 and 5000 c/s had been introduced (Ref. 174). 
Another writer refers to the " muddiness " and " smearing " in the high level, full- 
orchestra passages of many records (Ref. 117). Still another writer states that the 
present N.A.B. pre-emphasis curve effectively guarantees excessive distortion and 
he refers to the insufficient attention which is paid to the difference between transient 
response tests and the steady state (Ref. 257). Another refers to the fact that the 
N.A.B. characteristic unduly weights the importance of the signal to noise ratio and 
produces the undesirable condition of signals having high velocity with high amplitude 
(Ref. 189). Another again states " since the pickup stylus can track* the recorded 
high frequencies more clearly without excessive pre-emphasis, the high frequency 
reproduction from such records is notable for its clarity " (Ref. 241). Other criticisms 
have also been published (Refs. 155, 174). 

It is interesting to note that one leading American manufacturer, R. C. A. Victor, 
limits the high-frequency pre-emphasis on home records to a maximum value of 
12.5 db at 10 000 c/s in place of 16 db as with the N.A.B. characteristic, while the 
AES Standard Playback Curve provides for 12 db pre-emphasis at 10 000 c/s. 

Pre-emphasis with fine groove recordings 

Owing to the lower recording level, smaller radius stylus tip and more elastic 
material with fine groove records, a higher value of high frequency pre-emphasis 
may be used than with 78 r.p.m. shellac discs, for the same distortion in both cases. 

Measurement of recorded velocities 

The recorded velocities may be measured either by the light-pattern method (see 

(v) below) or by the use of a special high-fidelity pickup. These two methods do 

not give the same result, owing partly to the mechanical characteristics of the record 

material and partly to the finite needle size which causes tracing.distortion (see Sect. 6). 

It is current practice to use the special pickup at low frequencies and the light-pattern 

method at high frequencies ; the latter may be checked by the pickup after allowing 

for the loss caused by tracing distortion. It has been stated that the mechanical 

impedance limits at the reproducing point should be included in any standardization 

of frequency characteristic (Ref. 131). 

*It is unfortunate that the word " tracking " should be used both here (meaning that the stylus tip 
is capable of following the modulations in the groove) and also in " tracking distortion " which is due 
to the angle between the axis of the pickup and the tangent to the unmodulated groove (see Sect. 4). 
No alternative nomenclature seems to be in current use. 
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Practical recording characteristics 

There does not appear to be any generally accepted definition of published recording 
characteristics. In most cases, however, it is fairly safe to assume that the user is 
expected to provide an equali2er amplifier characteristic which is the inverse of the 
recording characteristic. Of course, some discretion is required in using full equaliza- 
tion for extreme high and low frequencies — this may be provided in the form of tone 
controls. 

The recording characteristics used by English, Australian and the majority of Euro- 
pean manufacturers are shown in Fig. 17.14. Curve 1 is that used by the E.M.I. 
group of companies for all normal 78 r.p.m. recordings. Curve 2 is that used by the 
Special Recordings Department of E.M.I. Studios Ltd. and is notable in that it 
extends to 20 000 c/s. Curve 3 is that used by Decca ffrr (1949). Curve 4 that used 
by the B.B.C. for transcriptions (Ref. 294). 

The Decca (London) LP characteristic is not shown on the curves, but is — 17.5 
db at 30 c/s, - 14 db at 50 c/s, - 9 db at 100 c/s, - 3 db at 300 c/s, at 1000 c/s, 
+ 14' db at 10 000 c/s and + 16 db at 15 000 c/s (Jan. 1951). 

The recording characteristics used by most American record manufacturers are 
shown in Fig. 17.15. Curve 1 is that used in the Columbia long playing micro-groove 
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Fig. 17.14. Recording characteristics used by all English, Australian and the majority 

of European record manufacturers for 78 r.p.m. s together zoith B.B.C, transcriptions. 
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Curve I :— Columbia LP micro groove 

Curve 2 :- NAB (lateral 194-9) 

Curve 3 :- RCA. 78,45 t 33 W r.p.m. 

Curve 4 :-Columbia 78(follo«w I above 1,000 c/j) 

Curve 5 :— Orfhacouitic i 

Curve A '.— 6db octave (croit over 300c/i) 

Curve B :— 6db octave (cross over 500c/i) 




Frequency c/s FIG. 17.15 

Fig. 17.15. Recording characteristics used by most American record manufacturers. 
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records. Curve 2 is the N.A.B. (lateral 1949) standard for transcriptions. Curve 3 
is that used by R.C.A Victor for 78 r.p.m. shellac discs, 45 r.p.m. and 33-1/3 r.p.m. 
fine groove. Curve 4 is that used by Columbia for 78 r.p.m. shellac discs — the cross- 
over frequency is 300 c/s. Curve 5 is that used for Orthacoustic transcription re- 
cording — it follows very closely the N.A.B. curve from 60 to 10 000 c/s but is ex- 
tended down to 30 c/s (— 20 db) and up to 15 000 c/s. 

Standard Playback Curve 

For many reasons it has been impossible to achieve a standard recording character- 
istic, even in a single country and for a specified cross-over frequency. An entirely 
different approach has been made by the Audio Engineering Society of U.S. A. which 
has put forward a Standard Playback Curve with the idea of getting this adopted by 
all designers of equipment for reproduction from records (Ref. 307). The onus would 
then be on the record manufacturers to produce records which sound well when 
played with such equipment. The curve (Fig. 17.15A) is based on the frequency 
of 1000 c/s as a reference point, and the de-emphasis at 10 000 c/s is 12 db, being 
less than the N.A.B. de-emphasis at this frequency. However the AES playback 
curve is extended to 15 000 c/s with a de-emphasis of 15.5 db. Both the straight 
portions of the curve have slopes of 6 db /octave, and the intersections of the extensions 
of these straight portions with the reference axis occur at 400 c/s (the cross-over 
frequency) and 2500 c/s. 

This playback curve may be duplicated on a flat amplifier with two sections of RC 
equalization, as shown in Fig. 17.15B, which is one possible arrangement. Alter- 
natively the network of Fig. 17.15C may be used. 
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FIG. 17. 15 A 

Fig. 17.15A. AES Standard Playback Curve {Ref. 307). 
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Fig. 17.15B. High impedance network to 
provide standard playback curve in grid input 

circuit of amplifier stage (.Ref. 307). ^-04^ 
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It seems that this Standard Playback Curve is what is really needed by the designers 
of equipment for reproduction from records. Even if record manufacturers do 
not accept it, the error for any cross-over frequency from 325 to 500 c/s is not more 
than 2 db, and no problems will be encountered in the reproduction of NAB recording, 
all fine groove records and most 78 r.p.m. discs except those with a cross-over fre- 
quency of 250 c/s and without any high frequency pre-emphasis. The latter may be 
covered by a separate network. 

The C.C.I.R, (Geneva, June 1951) proposed a compromise characteristic with a 450 
usee, curve below 1000 c/s and a 50 ^sec. curve above 1000 c/s, giving turnover 
frequencies of 360 and 2800 c/s, for radio programmes for international exchange. 
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FIG. 17. ISC 

Fig. 17.15C. Low impedance network to provide close approximation to standard 
playback curve, with total insertion loss 20 db at 1000 c/s (Ref. 307). 

General comments 

It has been shown that the choice of recording characteristic is necessarily a com- 
promise between many factors. 

By careful attention to all aspects of record manufacture, particularly the material 
used for the pressings, it is possible to produce records having extremely fine per- 
formance. 

The best of the fine groove records have demonstrated by results that the per- 
formance obtainable is equal to that from the best shellac discs, and superior as re- 
gards noise. The fact that there are many mediocre recordings of all kinds proves 
nothing from the technical angle. 

Reference to recording characteristics : 62, 63, 88, 131, 155, 156, 174, 197, 214, 
240, 247, 307. 

(ii) Pre-amplifiers for use with pickups 

Pickups may be divided into three groups, those of the high impedance type (e.g. 
crystal) normally always used with direct connection to a grid circuit, those of the low 
impedance type normally always used with a step-up transformer, and those which 
may be either used with or without a transformer. 

In all cases, pickups should be loaded by a substantially resistive load of the value 
specified by the manufacturer, or determined experimentally — see also Sect. 3. A 
change in load resistance usually results in a change of frequency characteristic. 

The equalizer may be incorporated into the first stage of the pre-amplifier — see 
Sect. 5 : 2(iii), (v), (vi) and (vii) — or it may follow a normal pre-amplifier stage. In 
the latter case its design is quite straight forward and follows the general principles 
ofr.ee. amplifiers — see Chapter 12 Sect. 2 for triodes and Sect. 3 for pentodes ; also 
Chapter 18 Sect. 2 for microphone pre-amplifiers. 

Pre-amplifiers for pickups with high output level (e.g. crystal) may usually be 
designed without special regard to hum or noise. In other cases the pre-amplifier 
should be designed as for a microphone pre-amplifier — see Chapter 18 Sect. 2. 

A modified cathode follower for use as a low-noise input stage for a crystal micro- 
phone or pickup is described in Chapter 18 Sect. 2(vi)D and Fig. 18.6B. 

(iii) Introduction to equalizers 
(A) Low-frequency equalizers 

The amount of bass boosting required by various " ideal " recording characteris- 
tics is given below. It is assumed that a constant amplitude characteristic is main- 
tained below the cross-over frequency. 
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300 


350 


400 


500 


800 c/s 


12.6 


13.8 


15.1 


17.1 


21.1 db 


15.6 


168 


18.0 


20.0 


24.0 db 


20.0 


21.2 


22.5 


24.5 


28.5 db 



Cross-over frequency 250 

Bass boost at 70 c/s 1 1 .0 

Bass boost at 50 c/s 14.0 

Bass boost at 30 c/s 18.4 
Cheap pickups usually have a peak in the bass region which reduces the amount 
of bass boosting required, and in some cases no bass boosting whatever is provided 
by the amplifier. 

Some practical recording characteristics have an approach towards a constant 
velocity characteristic below some low frequency (e.g. Fig. 17.15 Curves 1, 2 and 5). 
The equalizing circuit should be designed to suit the individual recording characteris- 
tic. The following treatment, however, is based on the 6 db /octave constant ampli- 
tude characteristic as approached by Fig. 17.14 Curve 1 and Fig. 17.15 Curves 3 and 4. 
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Fig. 17.16. Bass equalizer characteristics (A) " ideal " characteristic with slope of 
6 db/ octave (E) characteristic with single stage r-c equalizer having total boost of 20 db 
and max. slope 4.9 db/ octave (C) characteristic with two r.c. stages in cascade, each 
having total boost 10 db and max. slope 3 db/octave {circuit as Fig. 17.17). 

Conventional resistance-capacitance equalizing circuits 

The form of bass boosting which is normally used results in a " saturation " shape 
of curve as in Fig. 15.4. Maximum slope is obtained at the point of half total boost, 
the value being a function of the total boost (Chapter 15 Sect. 2) : 

Total boost 20 15 10 6 3 db 

Slope at half-boost point 4.9 4.1 3.0 2.0 1.0 db/octave 

The desired slope is 6 db/octave, so that there is an appreciable error even with 
a total boost of 20 db or more. This is plotted in Fig. 17,16 for a total boost of 20 
db with alternative frequency scales for 250 and 500 c/s cross-over frequencies. With a 
cross-over frequency of 250 c/s the error is about — 1 db at 50 c/s and — 2.5 db at 30 c/s, 
which is generally acceptable, even though there is inevitably some additional loss in 
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the extreme bass, due to coupling condensers. In the case of a cross-over frequency 
of 500 c/s, however, the error is — 3 db at 50 c/s and — 4 db at 40 c/s, here again 
increased by the effect of coupling condensers. Some designers adopt a total boost 
of as much as 40 db to provide a satisfactory characteristic for use with high cross- 
over frequencies such as 800 c/s. In either case, it is good practice for the amplifier 
to include a bass tone control which will permit an adjustment to suit the circumstances. 
If no tone control is fitted, it is usually desirable to attenuate the extremely low fre- 
quencies ', a value of coupling capacitance may be chosen to give, for example, an 
additional 3 db attenuation at 70 c/s and 5 db at 50 c/s. 

In the circuit of Fig. 15.3 suitable values of components would be : 
Vx = 6J5 (half 6SN7-GT) ; R L = 50 000 ohms ; R x = 20 000 ohms ; R 2 = 
1 megohm ; R* = 2800 ohms ; C = 0.25 pF for very good bass response or 
0.05 [xF for bass attenuation. Voltage gain at 1000 c/s =1.5 times = + 3.5 db. 
Total boost = 20 db. C 2 = 0.2 ^Ffor cross-over 250 c/s or 1 ^Ffor 500 c/s. 
Alternatively the total boost of 20 db could be obtained in two separate stages 
each having a total boost of 1.1 db at the cross-over frequency. By this means a 
maximum slope of 6 db is obtained at a frequency of 100 or 200 c/s with a cross-over 
frequency of 250 or 500 c/s and more accurate equalizing is possible. The frequency 
characteristic obtained is shown with a broken line (C) in Fig. 17.16, and the circuit 
diagram is given in Fig. 17.17. 

Fig. 17.17. Circuit diagram 
of two stage bass equalizing 
amplifier with bass boosting 
in each stage. Pin 4 of the 
6SN7-GT should be used for 
the input circuit. Total boost 
is 20 db and max. slope 6 
db/octave. C = 0.25 pF 
for good bass response or 0.1 
pF for some bass attenuation ; 
d = 0.1 /xF for cross-over 
250 c/s or 0.05 pF for 500 c/s. 
Voltage gain at 1000 c/s = 22 
times = 26.8 dbvg. 

Instead of having two networks separated by a valve, the complete two-section 
equalizer may be incorporated into a single network as in Fig. 17.18. The maximum 
slope is 7 db/octave which is adjustable down to 3 db/octave by means of control i? 7 , 
which should be tapered ; maximum slope is obtained with maximum value of R 7 . 
The plate load resistors may be increased if it is desired to increase the gain. This 
circuit provides 25 db bass boosting with a very close approach to the true 6 db octave 
slope (when R 7 is correctly adjusted) and has the additional merit of incorporating 
a tone control providing a total control of 13 db in the region 20 to 50 c/s depending 
on the cross-over frequency. With an input voltage of about 50 millivolts, the output 
will be about 1 volt. 

Frequency-selective feedback to provide equalizing 

A resistance-capacitance network may be used in the feedback loop of an amplifier 
to provide bass boosting which gives a close approximation to the correct degree of 




Fig. 17.18. Two section 
equalizer to provide for 
3 values of cross-over 
frequency and adjust- 
able slope of characteris- 
tic (Ref. 127). V x + 
V-2 — 6SL7 or 6SC7 or 
1F1 or any high-mu 
triodes. 
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-OFIot 
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Fig. 17.19A. Circuit diagram of equalizing amplifier using negative feedback to 
provide bass equalizing (1) 250 c/s (2) 300 c/s (3) 500 c/s (4) 750 c/s (5) 1200 c/s cross- 
over frequency. A choice of four high-frequency de-emphasis circuits is provided 
(1) flat (2) ffrr (3) R.C.A. (4) N.A.B. (Ref. 239). 
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Fig. 17.19B. Frequency characteristics of 
circuit of Fig. 17.19A with high frequency 
control in "flat" position (Ref. 239). 



Fig. 17.19C. High frequency 

de-emphasis characteristics of 

the circuit of Fig. 17.19A 

(Ref. 239). 

equalizing. The principle is demonstrated in the circuit of Fig. 15.11 and the fre- 
quency characteristics of Fig. 14.12, which are limited to a maximum boost of 12 db. 
Increased bass boosting could, of course, be obtained by increasing the feedback. 
With the value of capacitance used in Fig. 15.11 (0.005 /uF) a satisfactory compromise 
is obtained for a cross-over frequency of 250 c/s ; half this capacitance would be 
suitable for 500 c/s. 

This same principle is used in the circuit of Fig. 17.19A to produce the low fre- 
quency characteristics of Fig. 17.19B (Ref. 239). The low-frequency control is a 
shorting type 3 while the 10 megohm resistors are click suppressors. This circuit also 
provides four values of high frequency de-emphasis (curves Fig. 17.19C). 

Another variation of the same general principle is incorporated in Fig. 17.20 (Ref. 
144). It is suitable for use with the GE variable reluctance pickup, or any other low 
level electro-magnetic pickup which has been equalized to give a constant-velocity 
characteristic. The values of components are designed for a cut-off frequency of 
500 c/s and a high-frequency hinge frequency of 2000 c/s with a slope of 6 db/octave. 



736 



(iii) INTRODUCTION TO EQUALIZERS 



17.5 




ispoosx 

WWW) B +(90-4S0V) 

DESIGN CENTRE 
ISMA 300V 

•I I uF 
H( — ©OUTPUT 



Fig. 17.20. Circuit diagram of equalizing amplifier for low-level electromagnetic 
pickup using negative feedback over the second stage to accomplish equalization (Ref. 144). 

A different form of frequency-selective feedback is used in Fig. 17.21 which pro- 
vides correct equalizing for English (H.M.V.) records from 25 to 8500 c/s within 
2.5 db. V x is the first pre-amplifier valve having a series tuned circuit L 1 C 1 (with a 
minimum impedance below 25 c/s) in its cathode circuit so that at higher frequencies 
an increasing proportion of the input signal is fed back. The condenser C 2 in series 
with R s serves to flatten the response above 1000 c/s ; no provision is made for 
de-emphasis. The level between 250 and 1000 c/s is flattened by the network L 2 C 3 .R 4 
in which L 2 and C 3 are tuned to 250 c/s. i? 4 and L 2 carry the plate current of the 
valve, and the value of R^ primarily determines the degree of feedback at 1000 c/s. 



Ci., Rt 

■|(-vwws 





Fig. 17.21. Frequency selective negative feedback 
used to provide equalizing for English records. 
(Ref. 199). F, = MH4 (n = 40, r v = 11 000 
ohms), load resistance = 50 000 ohms. 



Fig. 17.22. Bass equalizer 

incorporating L, C and R 

(Ref. 188). 



Bass equalizers incorporating L, C and R 

A network incorporating L, C and 2? may be used to provide a very close approach 
to the 6 db /octave ideal characteristic or even higher values if desired. The simpli- 
fied circuit is shown in Fig. 17.22 in which L x is tuned by C x to the cross-over fre- 
quency, jR 2 controls the shape of the band and R± controls the slope of the characteris- 
tic. 

Suggested values for a cross-over frequency of 400 c/s are — L x = 2.9 henrys ; 
C x = 0.07 juF ; C 3 = 1.0 /*F ; R 2 = 6800 ohms ; £ 4 = 2200 ohms. 

For a slight change in cross-over frequency only C x and R 2 need be altered (Ref. 188). 

References to equalizers (general) : 15, 54, 106, 108, 109, 113, 117, 120, 126, 127, 
133, 144, 187, 188, 197, 198, 199, 209, 220, 226, 239, 240. 
(B) High-frequency equalizers (de-emphasis) 

A shunt capacitance provides for attenuation at the nominal rate of 6 db /octave 
(see Chapter 15 Sect. 6). The attenuation is 3 db when the reactance of the shunt 
condenser is equal to the resistance of the circuit across which it is connected, that 
is when 

C - l/(27r/ ^ (1) 
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or capacitance in microfarads = 157 OOO/C/J?) (2) 

where C = shunt capacitance in farads 

/„ = frequency at which the attenuation is 3 db (it is also the " hinge point " 
of the ideal 6 db/octave line) 
and R = resistance of circuit across which C is connected, in ohms. 

If it is desired to limit the attenuation to a specified value, while approaching the 
nominal slope of 6 db/octave, the circuit of Fig. 17.23A may be used. Here R x 
represents the resistance of the input circuit ; R 3 should be as high as is practicable — 
it is assumed to be very much greater than R s . The maximum attenuation in decibels 
will be given by 

max. attenuation (x db) = 20 log 10 [2? 2 /(2? 1 + R 2 )] (3) 

Eqns. (1) and (2) may be used with reasonable accuracy for maximum attenuations 
not less than 10 db — at lower values the attenuation at the " hinge point " frequency 
f will be less than 3 db (the actual values are 2.4 db for 10 db total boost, 2 db for 6 db 
total boost, 1.2 db for 3 db total boost). The frequency characteristic is indicated 
in Fig. 17.23B. 



® 



R 3> OUTPUT 



±1 




Fig. 17. 23. (A) Circuit providing high-frequency attenuation with a specified limit to 
the attenuation (B) Frequency characteristics. 

If the maximum attenuation is 10 db, the maximum slope (which occurs at half 
maximum attenuation) is 3 db/octave. This may therefore be used to provide a 
3 db/octave de-emphasis characteristic within the limitations of its range. 

High frequency equalizers are incorporated in the circuits of Figs. 17.19, 17.20, 
17.27. 

For general treatment of equalizers see Ref. 258. 

(iv) High-frequency attenuation (scratch filter) 

In addition to the normal manual tone control it is advisable in good amplifiers 
to incorporate a filter which provides very rapid attenuation above a certain frequency, 
say 7000 c/s, so that the upper scratch frequencies on old or noisy records may be 
rendered inaudible. This is provided by the circuit of Fig. 17.24A (Ref. 15) which 
has negligible attenuation at 7000 c/s, — 60 db at 8700 c/s and over 36 db attenuation 
at all frequencies above 8000 c/s. The filter is designed for an impedance of 24 000 
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Fig. 17.24A. Amplifier 
stage incorporating filter 
with 7000 c/s pass-band 
and very rapid attenuation 
at higher frequencies (Ref. 
15). V x = MH4, n = 
40, r v = 15 000 ohms. 
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IO-6Kc/s 




FIG, 17.24 8 



Fig. 17.24B. Circuit of pre-amplifier and filter circuit with high attenuation at 10 000 

c/s (Ref. 113). 



ohms ; the plate resistance of Vx is increased 
to this value by means of a partially un- 
bypassed cathode resistor, while the out- 
put end is loaded directly. See reference 
for coil winding and other details. 

An alternative method is used in the pre- 
amplifier circuit of Fig. 17.24B to produce 
the response characteristic of Fig. 17.24C 
This is suitable for use with low level 
electro-magnetic pickups. The 10.6 Kc/s 
parallel-T network provides a maximum 
attenuation of 34 db, while the 6 Kc/s 
parallel-T network in the feedback loop re- 
moves the attenuation which would other- 
wise occur at this frequency and thus give 
a sharper knee (Ref. 113). 

There appears to be substantial evidence 
that too sharp a knee on the attenuation 
characteristic gives an unpleasant effect to 
the listener. If the knee is initially too 
sharp, it may be slightly rounded by the 
addition of a "roll-off" characteristic at some 
suitable point — e.g. in the preceding stage. 



& 
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I 2 3456789 10 15 

Frequency — Kilocycles /Sec 

FIG. I7.24C 

Fig. 17.24C. Response curve of am- 
plifier and filter shown in Fig. 17.24B 
(Ref. 113). 



(v) Equalizers for electro-magnetic pickups 

The general principles of equalizing have been covered in the earlier portion of 
this section, and may be applied directly to electro-magnetic pickups (Figs. 17.17, 
17.18, 17.19, 17.21, 17.22, together with high-frequency de-emphasis). Fig. 17.24B 
is directly applicable. 

With any form of electro-magnetic or dynamic pickup the pickup itself has an 
impedance which, above about 1000 c/s, is almost entirely inductive reactance. If a 
capacitance is connected in shunt with the pick-up, or across the secondary of the 
transformer, this capacitive reactance will resonate with the inductive reactance of 
the pickup at some frequency determined by L and C. As a result, the output voltage 
is boosted at the frequency of resonance and falls rapidly at higher frequencies. If, 
now, a variable resistance is also connected in shunt with the pickup or across the 
secondary of the transformer, there will be found a value at which the resonance peak 
just disappears — this value of shunt resistance is the maximum which can be used to 
permit the condenser to act purely as an attenuator. For an analysis of this effect 
on the E.M.I. No 12 pickup see Ref. 109 and for that on the Pickering and G.E. 
variable reluctance pickups see Ref. 117. The inductance of the E.M.I. No. 12 
pickup is of the order of 1 mH. The inductance of the Pickering pickup is approxi- 
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mately 100 mH and that of the G.E. pickup 120 mH. The correct value of shunt- 
resistance is given by 

R (ohms) = 1.2 f c for the Pickering pickup 
and R (ohms) = 0.9 f e for the G.E. pickup 

where f c is the frequency at which the attenuation is 3 db. Beyond this frequency 
the rate of attenuation is approximately 15 db /octave. 
The shunt capacitance required for various values of the cut-ofF frequency is : 



4000 
0.02 
0.03 



5000 
.013 
.019 



6000 
.009 
.013 



7000 c/s 
.0065 nF 
.0095 /*F 




Frequency 

Capacitance Pickering 
G.E. 

Fig. 17.25. Equalizer for 
use with E.M.I. and Mar- 
corriphone Model 12A 
pickup. Output as shown 
is 200 ohms ; with link 
closed, output is 600 ohms. 
For English E.M.I. re- 
cords join terminals 1 and 

2, also 3 and 4; for ~ "" 

N.A.B. and American records leave unjoined. (E.M.I. Australia). 

Pre-amplifier for E.M.I. and Marconiphone Model 12A 

A suitable equalizer is shown in Fig. 17.25 which gives the following output levels 
at 1000 c/s with Decca Z718 frequency record. 

Termination Equalizer English Equalizer N.A.B 

200 ohms — 49 dbm — 50 dbm 

600 ohms — 54 dbm — 55 dbm 

Pre-amplifier for use with G.E. variable reluctance pickup 

The circuit of Fig. 17.26 is suitable for use with the G.E. variable reluctance pickup. 
This pickup gives an output of about 10 mV (with recorded velocity of 4.8 cm/sec), 
the amplifier has a voltage gain of 35 db at 1000 c/s, so that the output voltage is 
about 0.6 volt- The input shunt resistor of 6800 ohms (which is suitable for the N.A.B. 
characteristic) may be varied to control the frequency response, a higher value in- 
creasing the high frequency response. A low plate voltage is desirable. The filter 
circuit of 27 000 ohms and 0.01 yiF produces an attenuation at 50 c/s to reduce the 
rumble from automatic record changers. A slight improvement in response may be 
effected by shunting the 0.01 /*F condenser by a resistance of 180 000 ohms (Ref. 187). 
See also Fig. 17.34 for input transformer arrangement and Fig. 17.24B as an alternative 
pre-amplifier. 

j.innu 33.000A 68,0OOA°2H F 
r-v/VVW f-vVW — It— O 




Fig. 17.26. Pre-amplifier and equalizer 
for use with the G.E. pickup {Ref. 187). 



;-oi(J F 



Continuously-variable equalizing pre-amplifier 

If a sufficiently flexible equalizer is used, it does not require any additional tone 
control. Such a circuit is shown in Fig. 17.27A in which the additive method of 
equalization is employed. This has three transmission channels, one channel having 
a characteristic which is essentially flat below 1000 c/s, falling off at the rate of 12 
db /octave at higher frequencies ; a second channel having 40 db more gain than the 
basic channel at very low frequencies but with its gain falling off at the rate of 12 db/ 
octave above about 50 c/s ; and a third channel whose gain rises at the rate of 12 db/ 
octave up to 15 000 c/s, above which frequency its gain is 40 db more t han the basic 
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GAIN CONTROL LOW FREQUENCY 
CONTROL 



Fig. 17.27. (A) Circuit of 
continuously variable equ- 
alizing pre-amplifier (B) 
Variation in attenuation 
in low frequency control 
(C) Variation in attenua- 
tion in high frequency con- 
trol {Ref. 246). 
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channel. Outputs from the three channels are added in a single valve feedback sum- 
ming amplifier ; potentiometers which add flat loss in the auxiliary channels permit 
control of the resultant transmission characteristic. The input allows for the con- 
nection of two G.E. variable reluctance pick-ups simultaneously. The maximum 
output is of the order of 1 volt, and the pre-amplifier may be used at a moderately 
remote location, owing to the cathode follower output. 

The frequency characteristics are given in Figs. 17.27B and C (Ref. 246). 
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Equalizers applying feedback to the first pre-amplifier stage 

It has been demonstrated by Ellis (Ref. 209) that the feedback circuit may be made 
frequency-selective to give a close approach to the required equalizing characteristic 
for an electro-magnetic pickups as in Fig. 17.28. This circuit does not apply any 
appreciable feedback to the pickup itself, owing to the isolating resistor R x . The 
cross-over frequency may be adjusted by changing either C or R 2 , but changing R 2 
without making a similar change in R x affects the gain. This arrangement is said to 
be " the quietest and most stable " (Ref. 287), and a very low hum level is possible 
if the cathode is well by-passed. The input impedance of the stage is low, owing to 
the feedback circuit. The resistor ^ x should be at least 10 times the nominal im- 
pedance of the pickup. The normal gain, above the cross-over frequency, is approxi- 
mately (Rz/Rx), so that unity gain is obtained when R 2 = i?i. By making R 2 > Ri 
this circuit can provide gain as well as bass boosting, but this reduces the available 
increase for low frequencies, since the upper limit of gain is the normal gain of the 
valve without feedback. 

Fig. 17.28. Equalizer which applies negative feedback fig. 17.28 
to an electro-magnetic pickup (Ref. 209). Original 
values were V x = EF36, Rx = R 2 = 1 MQ, R L = 0.22 
MQ, R z = 2.2 MQ, C = 600 fifiF,E bb = 250 volts, 

unity gain. 
Suggested adaptation for 19 db gain and bass boost of 
26 db is : V x = 6J7 or 1620, R x = 0.1 MQ, R 2 = 1 MQ, 
R r = 0.47 MQ, R, = 3.0 MQ, C = 330 nnF for 
500 c/s, or 510 p.\iF for 300 c/s, or 620 \i\iF for 250 c/s. 
Vi may also be replaced by a high-mu triode (6AT6) 
where R ± = 0.1 MQ, R 2 = 0.33 MQ, R L = 0.22 MQ, 
R s omitted, C = 1200 \i\iF for 500 c/s, 2000 ^F for 
300 c/s or 2400 miF for 250 c/s, giving gain of 8 db and bass boost of 26 db (see 
Ref. 287). 

A modification of the circuit of Fig. 17.28 is described in Ref. 280 which gives both 
bass boosting (with a " very low frequency roll-off ") and high frequency de-emphasis. 
Values of components are : i?i = 0.33 megohm, R 2 = 1.0 megohm, R L = 0.22 
megohm, C = 600 /a/uF approx. (adjustable), C 2 = 25 iiyiF approx. (adjustable) 
shunted across R 2 , and V 1 — EF37. 

A different modification of this circuit is given in Fig. 15.13 ; see Chapter 15 
Sect. 2(iv)C This modified circuit enables adjustment to be made for any cross- 
over frequency by means of a continuously variable potentiometer ; unfortunately 
no measured frequency characteristics have been published but this circuit seems to 
be close to the ideal for simplicity and to provide a response characteristic as good as 
that of any other RC feedback amplifier, 

(vi) Equalizers for crystal pickups 

A crystal pickup, when working into a high load resistance of the order of 2 to 5 
megohms gives a practically level response characteristic over the constant amplitude 
section of a gliding-tone frequency test record (A in Fig. 17.30). If the load resistance 
is decreased to 0.5 megohm (Curve B) the output at 50 c/s may fall in a typical case 
by 6 db, the attenuation ratio at other frequencies being inversely proportional to the 
frequency. 

High temperatures cause a reduction in bass response ; an increase from 68 °F to 
104°F causing a decrease of about 5 db at 50 c/s in a typical case (Curve B). 

The output from a crystal pickup is so high that, if it is not attenuated between the 
pickup and the first amplifier stage, it may overload the valve. Unless the equalizer 
provides heavy attenuation, it is advisable to place the volume control between the 
pickup and the first grid. 

Above the cross-over frequency the output voltage from an unequalized high- 
fidelity crystal pickup tends to fall at the rate of 6 db /octave. In popular types there 
is usually a resonance peak which gives some additional lift to the top end of the charac- 
teristic, thus decreasing the amount of equalization required. 
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A simple equalizer for use with crystal pickups is r FIG - ,7,29 

shown in Fig. 17.29. If R s = 0.5 megohm, /?! may 
be taken as 10R 2 or 5 megohms. This gives an attenua- 
tion at very low frequencies of 20.8 db. The effect of 
variation of C t is shown in curve C Fig. 17.30 j these 
response curves are only satisfactory when considerable 
high-frequency de-emphasis is required. 

Better equalization is obtained when R t = 40R g , 
thus giving a maximum attenuation of 32 db. Suitable 
values are : Ri = 5 megohms, R 2 = 0.125 megohm, C x = 100 nnF. 
response curve is shown in curve D. 

A more flexible equalizer suitable for use with a high-fidelity crystal pickup is 
shown in Fig. 1731 (Ref. 127). This gives a choice of three load resistors, thus giv- 
ing some control of the bass, and three values of capacitance suitable for three cross- 
over frequencies. 

An improved equalizing circuit suitable for use with the Acos GP12 high-fidelity 
pickup is shown in Fig. 17.32 (Ref. 120). This gives correct equalization for H.M.V. 
records within + 2.5 db, - 3.5 db from 30 to 8000 c/s. 

An equalizer suitable for use with the Brush high-fidelity pickup is shown in Fig. 
17.33 (Ref. 106). Position (1) is for quiet shellac records with a 500 c/s cross-over 



Fig. 17.29. Simple equal- 
izer circuit for a crystal 
pickup. 
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FIG. 17.30 

Fig. 17.30. Response curves of typical crystal pickup. (A) load resistance 2 megohms, 
temperature 68° F ; (B) load resistance 0.5 megohm, temperature 68° and 104°jF ; 
(C) with simple equalizer circuit as Fig. 17.29 having Ro = 0.5 meeohm. R, = 5 meg- 
ohms ; (D) with R 2 = 0.125 megohm, R t = 5 megohms, C, = 100 fifiF. *Test record 
Audiotone for {A), (B) and (C) ; Columbia M-10 003 for (D). Curves based on 

data for Astatic FP-18. 
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FIG. 17.31 



TRANSITION 
— ,«C FREQUENCY 
300~i 




500rf F 



Volume Control 




FIG. 17.32 

Fig. 17.31. Flexible equalizer for high-fidelity crystal pickups (Ref. 127). 
Fig. 17.32. Equalizer for Acos GP12 high fidelity crystal pickup, for 250 c/s cross-over 
frequency (Ref. 120). 

frequency ; (2) for scratchy and noisy shellac records ', (3) good Orthacoustic trans- 
criptions and (4) noisy transcriptions. The low frequency filter reduces rumble and 
hum. 

See also Sect. 5(x). 




oqiSj/^F osfii 



4£ 



| 80O| rr l r' F o . 

300 i^wP^* -1 

It °l 

Switch foi-y °| 

H-F Equal. 



Switch for 
L-F Filter 




FIG. 17.33 
Fig. 17.33. Equalizer for use with Brush high-fidelity crystal pickup (Ref. 106). 



(vii) Equalizers applying negative feedback to the pickup 

It is advantageous in all cases to apply negative feedback to the pickup, whether 
electro-magnetic or crystal. This may be accomplished in any conventional manner 
and the feedback reduces non-linear distortion and the effects of mechanical reson- 
ances. 

Various possible combinations of CR and LCR in the feedback network of both 
crystal and electro-magnetic pickups are described in Ref. 220. Most of these apply 
a very limited amount of feedback, but the same principle could be applied to a high- 
gain pre-amplifier stage with increased feedback. It is evident that any type of 
pickup may be equalized by this method, with the additional advantages of increased 
damping on the pickup. It seems that more detailed investigation of the subject 
is well merited. 



(viii) Miscellaneous details regarding equalizing amplifiers 

Position of equalizer 

In general it is preferable to place the equalizer following the first stage of the pre- 
amplifier in the case of low level pickups. With high level pickups it may be possible 
to incorporate the equalizer in the main amplifier. 

Input transformers 

Although input transformers are not necessary with electro-magnetic pickups, 
they have some distinct advantages. The step-up ratio provides useful gain, while 
they permit the use of a balanced-to-earth input line which gives improved signal- 
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Fig. 17.34. Low impedance pickup 

with balanced-to-earth input to step-up 

transformer. 

to-noise ratio (Fig. 17.34). With low 
level pickups the transformer improves 
the signal-to-hum and signal-to-noise 
ratios. 

Rumble 

Rumble may be reduced, if necessary, 
by a filter which cuts off sharply below, 
say, 50 c/s. The cut-off frequency and 
attenuation necessary are dependent 
upon the motor, turntable and amount 
of bass boosting in the equalizer and 
tone control. One example is incor- 
porated in Fig. 17.35B. 

(ix) Complete amplifiers 

Complete amplifiers for the repro- 
duction of sound from records may in- 
clude — 

1. A suitable pickup. 

2. An equalizer to provide constant 
velocity output (only required for elec- 
tro-magnetic pickups, and even then 
only when not provided as part of the 
main equalizer). 

3. A first stage pre-amplifier (only 
required in the case of a low level pick- 
up). 

4. A main equalizer, preferably pro- 
vided with adjustable cross-over fre- 
quencies and variable high-frequency 
de-emphasis. 

5. A tone control, preferably com- 
prising separate bass and treble controls. 
If the main equalizer has flexible adjust- 
ments of its characteristics, it may be 
used in place of a separate tone control. 

6. A rumble filter, preferably with 
switch to cut in or out (may be omitted 
if response is attenuated below 70 c/s). 

(Continued on page 748) 

Fig. 17.35A. Circuit of 25 watt ampli- 
fier using G.E. variable reluctance or 
Pickering 120M pickup (Ref. 240). 
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Fig. 17.35B. Williamson pre-amplifier including equalizer and high-pass filter (rumble 
attenuator). Ref. 270. In the original amplifier V 1Z = F 14 = V ia = type EF37. 
V 1S and Vn may be replaced by type 6J7 or 1620 if R 69 = IMP, R 71 = 1600 P. 
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c 55 


100 ^F 


Silvered mica 


350 


10% 


C56 


50 fiF 


Electrolytic 


12 




C57 


50 xiF 


Electrolytic 


12 




c 58 


0.01 /xF 


Silvered mica 


350 


1% or 
matched 


C59 


0.25 fiF 


Paper 


500 


20% 


Ceo 


5000 /xxiF 


Silvered mica 


350 


1% or 
matched 


^61 


5000 fifiF 


Silvered mica 


350 


1% or 
matched 


^62 


7000 /xxiF 


Silvered mica 


350 


10% 


^63 


0.5 /xF 


Paper 


500 


20% 


C 64 


16 fiF 


Electrolytic 


450 




C<65 


4 /xF 




250 




(-<66 


2 fxF 




350 




C@7 


0.1 mF 




350 





<S 5 single pole single throw 
S 6 single pole single throw 




Fig. 17.35C. Williamson tone compensation and filter unit (Ref. 270). In the original 
amplifier V 9 = V 10 = V 1X = type FF37. All may be replaced by type 9002, or by 
type 6AU6 with a slight increase in gain, or by type 6J7 {or 6J5 triode) with a slight 

decrease in gain. 
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Switches — ■ 

<Sx Single pole single throw. 
S 2 Double pole single throw. 
S s Single pole single throw. 
Si 5 bank, 5 position selector switch. 

7. A high frequency attenuator or filter for worn or noisy records (may be omitted 
if a sufficiently flexible tone control is fitted). One very effective form of filter is a 
capacitance connected across the secondary of the output transformer — see page 214. 

An example of a complete amplifier is given in Fig. 17.35A. This is a 25 watt 
amplifier suitable for operation from a G.E. variable reluctance pickup, or Pickering 
120M. The total harmonic distortion is under 1%. The pre-amplifier consists of 
a triode with proper compensation in the output circuit. Bass boosting is obtained 
by the use of frequency-selective negative feedback in the second and third stages. 
Hum from the heater is reduced to the vanishing point by making the heaters of 
the first two twin triodes part of the cathode resistor of the output stage. The output 
stage draws approximately 300 mA, which is the correct current for the heaters of 
the 6SL7 valves, and the additional bias required for the output valves is obtained 
by a resistor (Ref. 240). 

Another example of a complete amplifier is that due to D. T. N. Williamson (Ref. 
270) shown in Figs. 17.35 B, C. D, E, F and G. The main amplifier (Fig. 17.35F) 
is a new version of the earlier Williamson amplifier of which one adaptation is Fig. 7.44. 
The circuit differs in minor details only from Fig. 7.44 ; the balancing adjustment 
on V x and V 2 has been omitted as unnecessary, provided that R S R 7 R n and i? is have 
the specified values and tolerances, while a transitional phase-shift network R i6 C 10 
has been added to increase the margin of stability at high frequencies. 

Output transformer specifications (3.6 ohm secondaries) — Williamson Amplifier : 

Core : If in. stack of 28A Super Silcor laminations (M. and E.A.). The winding 
consists of two identical interleaved coils each 1£ in. wide on paxolin formers 1£ in. 
X 1| in. inside dimensions. On each former is wound : 

5 primary sections, each consisting of 440 turns (5 layers, 88 turns per layer) 
of 30 S.W.G. enamelled copper wire interleaved with 2 mil. paper, 
alternating with 

4 secondary sections, each consisting of 84 turns (2 layers, 42 turns per layer) 
of 22 S.W.G. enamelled copper wire interleaved with 2 mil. paper. 
Each section is insulated from its neighbours by 3 layers of 5 mil. Empire tape. All 
connections are brought out on one side of the winding, but the primary sections may 
be connected in series when winding, two primary connections only per bobbin being 
brought out. Windings to be assembled on core with one bobbin reversed, and with 
insulating cheeks and a centre spacer. 

Curves showing the loop gain and phase-shift characteristics of the main amplifier 
are shown in Fig. 17.35G. 

The pre-amplifier Fig. 17.35B has a voltage gain of 250 times from the grid of the 
first valve to the voltage across the output terminals. The input grid voltage must 
not be less than 0.8 mV ; this minimum voltage can readily be provided by a suitable 
transformer from any pickup. Care should be taken to avoid overloading the pre- 
amplifier by too high an input voltage. The overall frequency response, when 
tested with an ideal " velocity " pickup on an English Decca disc is level within 
1 db from 20 to 14 000 c/s ; below 20 c/s there is attenuation at the rate of 30 db/ 
octave to eliminate rumble. For the English E.M.I, characteristic, switch 5 X should 
be opened. Other recording characteristics can be handled by the use of the tone 
compensation unit. 

This overall frequency characteristic, which provides bass boosting and high- 
frequency de-emphasis to suit the recording characteristic, together with a rumble 
filter, is provided by a careful combination of 

(1) bass boosting by V 13 together with the feedback network C 54 C 55 R i3 R 64 . 

(2) Attenuation produced by the combined inter-valve couplings. 



17.5 



(ix) COMPLETE AMPLIFIERS 



749 



(3) Feedback over V li} through the parallel-T network. This provides a peak at 
20 c/s which is used to give a sharp knee to the frequency characteristic instead of 
the gradual attenuation produced by the inter-valve couplings. (Note that the 
recording characteristic contributes 6 db /octave to the slope below 20 c/s). 

The final stage V 15 is merely a cathode follower to permit the use of long leads 
between the pre-amplifier and the tone-compensation unit. 

If a high-impedance output is permissible, and an attenuation of 8 db at 10 c/s is 
sufficient to reduce the rumble, stage V 13 may be used as a single stage pre-amplifier 
with a gain of 11 times. Under these circumstances C 53 = 0,05 /jF, C 54 = 4000 
tuiB, R 6i = 22 000 ohms, JR eo — 2.2 MQ,R e7 is omitted, and the output is taken from 
the junction of C 53 and 2? 66 . 

In the cathode circuit of V 13) closing the switch S 5 reduces the gain to zero in about 
1 second for use while changing records. 

The noise level, with R 57 adjusted for minimum hum, is about 3 to 5 j^V at V 13 
grid, excluding the noise due to the pickup transformer and auxiliaries. The total 
harmonic distortion of the pre-amplifier and tone compensation units combined, is 
considerably less than 0.1%. 

The tone compensation and filter unit Fig. 17.35C provides — 
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Fig. 17.35D. Measured overall response of low-pass filter {stage V X1 in Fig. 17.35C 
together with network controlled by switch S t ). Ref. 270. 
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Fig. 17.35E. Response curves of the tone compensation circuit following V 9 in Fig. 
17.35C. Curves are limiting positions for continuously-variable controls (Ref. 270). 
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(1) A universal tone control (switches S 2 S 3 and controls R i0 Ru) with frequency 
characteristics as Fig. 17.35E. The curves may be shifted bodily along the hori- 
zontal axis by modifying the capacitance values shown by the arrows in Fig. 17.35E. 

(2) A low-pass filter with nominal cut-off values of 5000, 7000, 10 000 and 13 000 
c/s, together with a flat position (switch S t ) providing response characteristics as 
Fig. 17.35D. This characteristic is provided by a parallel-T network in the feed- 
back loop of V xl which gives a symmetrical valley at the frequency of resonance. 
A capacitor from the grid of F u to earth introduces a lagging phase shift which gives 




Fig. 17.35F. Williamson main amplifier — new version (Ref. 270). 
lined are peak signal voltages at 15 watts output. 
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Fig. 17.35G. Loop gain and phase-shift characteristics of Williamson main amplifier 

(Ref. 270). 

positive feedback below resonance and negative feedback above resonance, thereby 
unbalancing the characteristic and giving a sharp knee before the attenuation com- 
mences. aj-iC audition Oi an inuepenuent xvO network controileu by 041 gives 
further treble attenuation and leads to the final result in Fig. 17.35D. 

(x) Pickups for connection to radio receivers 

When a separate pickup and turntable unit is used in conjunction with a radio 
receiver, it is often most convenient for the user to operate the device at some distance 
(say up to 15 feet) from the receiver. The most desirable arrangement is a Record 
Player in the form of a small cabinet enclosing the motor, turntable, pickup, and 
(possibly) volume control, pre-amplifier and equalizer, with the top of the cabinet 
about 20 inches from the floor so as to be accessible from an easy chair. 

The design problem hinges on the use or otherwise of a pre-amplifier. If no pre- 
amplifier is permissible, on account of cost or other factors, it is necessary to 
employ a pickup delivering a high output voltage or whose output voltage is capable 
of being stepped up by a high ratio transformer. 

When pickup terminals are fitted to receivers, they usually provide a resistive load 
of the order of 0.5 megohm, with some capacitive shunting. The input voltage 
required to give full power output is usually about 0.25 volt, although some receivers 
require a higher voltage. If a receiver is being designed specially for good perform- 
ance with a pickup, full power output should be obtained with an input voltage 
not exceeding 0.1 volt. This usually demands a pentode first a-f amplifier, especially 
if negative feedback is used. 

If bass equalization of 20 db is required for use with an electro-magnetic pickup, 
the available voltage must be at least 10 times the input voltage to the amplifier, e.g. 
1 volt and 0.1 volt respectively There is a strong temptation to use a popular pickup 
which provides at least part of the bass boosting by arm resonance, but this is very 
undesirable on account of record wear, distortion and heavy stylus force required. 
There are electro-magnetic pickups capable of providing an output of about 1 volt 
from the secondary of a transformer, which do not employ arm resonance in the vicinity 
of 100 c/s ; these are much to be preferred to those employing arm resonance. How- 
ever, the high cost of a good quality transformer, and the hum and poor frequency 
response with a cheaper transformer, make this a rather unsatisfactory arrangement. 
The necessary bass boosting may be provided by a resistor and capacitor in series, 
connected across the secondary of the transformer A choice of cross-over frequency 
may be provided by a tapping switch and several values of capacitance. High-fre- 
quency de-emphasis may be provided by one or more values of shunt capacitance, 
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although there is danger of pickup resonance unless an isolating resistor is 
used, with consequential loss of gain. Volume control may be provided by a potentio- 
meter having a total resistance preferably not exceeding 50 000 ohms. A screened 
cable may be used to link the record player to the pickup terminals of the receiver. 

If a crystal pickup is used, it is quite satisfactory to incorporate the equalizer 
and volume control in the Record Player. In this case there is no danger of hum from 
the pickup or transformer. With a general-purpose crystal pickup the arrangement 
of Fig. 17.29 may be used in which R x = 2 megohms, R 2 = 0.5 megohm and C x = 
0.000 25 /xF for a cross-over frequency of 250 c/s or half this value for 500 c/s. Some 
measure of tone control may be provided by a variable resistance of 1 megohm in 
series with C x . 

With a high fidelity crystal pickup, the circuit of Fig. 17.31 or any similar equalizer 
may be used. 

In all cases it is advisable for the listener, if possible, to set the volume control on 
the record player to about half-way, then to adjust the volume control on the receiver 
for satisfactory operation under normal conditions, and to make all adjustments 
(during listening) with the control on the record player. 

There will be some inevitable loss of the higher frequencies due to the screened 
cable. This may be kept within reason by arranging that the total effective impedance 
of the line, under operating conditions, is of the order of 50 000 ohms or less. For 
example, the equalizer of Fig. 17.32 may be modified by changing the 0.1 megohm 
fixed resistor into a volume control. 

If a pre-amplifier is used, both it and the equalizer will normally be incorporated 
into the receiver chassis. A volume control may readily be fitted across the pickup, 
and shunt capacitances may be used in conjunction with a tapping switch for high 
frequency de-emphasis, with due precautions against resonance. With this arrange- 
ment it is difficult to make any adjustment for cross-over frequency in the record 
player. 

Alternatively the pre-amplifier and equalizer may be incorporated into the record 
player, thus giving the maximum flexibility of control. The final stage in the record 
player may be either a cathode follower, or a general-purpose triode with a low ratio 
transformer in its plate circuit. The record player may incorporate a power trans- 
former, rectifier and filter, or it may obtain its plate supply from the receiver. Trouble 
may be experienced with hum owing to the proximity of the motor, transformer and 
pre-amplifier, particularly if a low level pickup is used. However, in spite of these 
design problems, the arrangement is practicable. 

(xi) Frequency test records 

Frequency test records are of two general types — banded tone and gliding tone. 
Banded tone records are recorded with a number of constant frequencies which may 
be played in sequence ; they are generally used when measurements are being made. 
Gliding tone records are useful when it is desired to check for peaks but may also be 
used for frequency response measurements by appropriate timing. These normally 
commence at a high frequency f 1} maintain constant velocity characteristics down to 
the cross-over frequency / , then follow the recording characteristic down to the final 
frequency / 2 (approximately at the rate of 6 db /octave). In some cases the high- 
frequency response follows the recording characteristic — details are given in the table. 
The frequency response may be checked to a fair degree of accuracy by the optical 
method (see below). Over the " constant velocity " range the width of the light pattern 
should be constant, while over the " constant amplitude " range the width should 
taper downwards in proportion to the frequency. 

References to frequency test records : Refs. 161, 254, 260 ; record catalogues. 

The optical method of testing frequency test records 

A frequency test record, either of the stepped-frequency or gliding-tone type, 
may be checked optically to indicate the amplitude at all parts of the record, with a 
possible error of about 1 or 2 db. The lamp should have a concentrated filament and 
clear bulb ; it should be at least 8 feet from the record and only high enough above 
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the plane of the record to give a brilliant pattern. The eye should be directed vertic- 
ally downwards on to the side of the record nearer to the lamp, and should be as far 
above the record as possible. 

A pair of dividers may be used to measure the width of the reflected light pattern 
for each frequency ; the width of the light pattern is proportional to the voltage 
output from a perfect constant-velocity pickup. This method becomes increasingly 
less accurate below the cross-over frequency, although it is very satisfactory at higher 
frequencies. 

The theoretical analysis and calculation of errors is given by Ref. 243. 

References 25 (Part 5), 99, 219, 243, 258, 293. 



TABLE 1 : GLIDING FREQUENCY RECORDS 



Record 


/i 


/o (cross-over) 


/. 


English 








Decca f&r K1802 


14 000 c/s 




10 c/s 


K1803 


14 000 c/s 


300 c/s 


10 c/s 


American 








R.C.A. 12 in. (12-5-5) 


10 000 c/s 


500c/s(-1.5db) 


30 c/s 


London (album LA-32) 








T-499612in.78r.p.m. 


14 000 c/s (+8 db) 


250c/s(-ldb) 


100 c/s (-5 db) 


T-499712in.78r.p.m. 


14 000 c/s (+8 db) 


250c/s(-ldb) 


10 c/s (-33 db) 


Universal D61B Band 1 


10 000 c/s (0 db) 


500 c/s (0 db) 




Band 2 




500 c/s (-7 db) 


200 c/s (-7 db) 


Band 3 




200 c/s (-14 db) 


50 c/s (-14 db) 


Columbia XERD281 12 








in. 


10 000 c/s 


500 c/s 


50 c/s 



TABLE 2: COMBINED GLIDING FREQUENCY AND BANDED FRE- 
QUENCY RECORDS 





h 


/o (cross-over) 


/. 


R.M.A. 


Standard REC-128 78 r.pjn. 








No. 


1 Side A 


10 000 c/s 


500 c/s 


30 c/s 






Constant frequencies 1000 ( + 10 db). 






10 000, 9000, 8000, 7000, 6000, 5000, 






4500, 4000, 3500, 3000, 2500, 2000, 1500, 






1000, 700, 500, 400, 300, 250, 200, 180, 






160, 140, 120, 100, 90, 80, 70, 60, 50, 






40,30. 


No. 


1 Side B 


Voice announcements. 
Constant frequency 1000 c/s at levels 
+ 10, +12, +14, +16, +18 db. 
Then alternate gliding and constant fre- 
quencies from 3000 to 30 c/s at level 






+ 16 to +18 db (1000 c/s). 
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English and Australian 

(78 r.p.m.) 
E.M.I. Australia (EDI 189) 



20 000, 18 000, 16 000, 14 000, 12 000, 10 000, 8000, 
6000, 4500, 3500, 2000, (arbitrary db) ; 500 (-1), 
160 (-5.5), 70 (-12 db). 19 000, 17 000, 15 000, 
13 000,- 11000, 9000, 7000, 5000, 4000, 3000, 1000 
(arbitrary db) ; 250 (-3), 100 (-8.5), 50 (-14 db). 



E.M.I. Australia (EDI 190) 



13 000 (-1.2 db), 12 000 (-1.3), 11000 (-0.4), 
10 000 (-0.2), 9000 (-0.2), 8000 (-0.2), 7000 (+0.4), 
6000 (+0.2), 5000 (+0.2), 4000 (+0.7), 3000 ( + 1.2), 
2000 (+0.6), 1000 (0 db arbitrary level), 500 (+0.2), 
250 (-2.9), 140 (-6), 100 (-8.9), 70'(-10.4), 50 
(-12.8), 35 c/s (-14 db). 



E.M.I. Studios JG449 (1) 

(2) 



20 Kc/s, 18, 16, 14, 12, 10, 8, 6, 4.5, 3.5, 2 Kc/s (0 db) ; 
500 c/s (-1), 160 c/s (-5.5), 70 c/s (-12 db). 
19 Kc/s, 17, 15, 13, 11, 9, 7, 5, 4, 3, 1 Kc/s (0 db) ; 
250 c/s (-3), 100 c/s (-8.5), 50 c/s (-14 db). 



Columbia LOX-650 



1000 (0 db), 10 000 (-1), 9000 (-1.6), 8000 (-1.6), 
7000 (-1), 6000 (-0.8), 5000 (-0.8), 4000 (-0.8), 
3000 (-0.8), 2000 (-0.8), 1500 (-1), 800 (-0.8), 
500 (-0.8), 300 (-3.4), 200 (-5.2), 150 (-7.1), 
100 (-9.4), 70 (-11.2), 50 (-13.6 db). 



Decca Z718 



50, 70, 100, 160, 250, 500, 1000, 2000, c/s 
-14 -11 -8-4 db 
3000, 3500, 4000, 4500, 5000, 6000 c/s 
db 



Decca ffrr K1804 



14 000 to 400 c/s (constant velocity) 250 to 30 c/s 
(constant amplitude) ;- in steps. Level +10 db at 
1000 c/s. 



American 

R.M.A. Standard! No. 2(A) 
REC-128 y 
78 r.p.m. J No. 2(B) 



R.C.A. (12-5-19) 12 in."| 
78 r.p.m. 
Unfilled vinyl, SF 



i 



R.C.A. (12-5-25) 

(=460625-6) 12 in. 33-1/3 
r.p.m. Unfilled vinyl, SF 



R.C.A. (12-5-31) 7 in. 45 
r.p.m. 
Unfilled vinyl, D.F. 



Constant frequency bands at same frequencies as 
No. 1 Side A without announcements. 
8000, 6000, 4000, 2000 ( + 10 db) ; alternate gliding 
and constant frequencies 3000 to 30 c/s ( + 16 to 18 
db); 8000, 6000, 4000, 2000 ( + 10 db). 
Approx. const, vel. 10 000 ; 9000 ; 8000 ; 7000 ; 
6000 ; 5000 ; 4000 ; 3000 ; 2000, 1000 ; (0 db = 
8.6 cm/sec. approx.) 800 c/s ; 500 (-1.5 db) ; Const, 
ampl. 300 ; 200 ; 100 ; 50 ; 1000 (-2 db) ; 10 000. 
12 000 (-2.5 db); 11000 (-3); 10000 (-1.5); 
approx. const, vel. down to 700 (—0.5 db) ; 400 (1.2 
db below const, ampl.) ; 300 (0.6 db below const, 
ampl.). Also 400 and 4000 c/s tone for intermodula- 
tion testing. Groove has bottom radius less than 0.5 
mil. Max. stylus radius 3 mils. 
Approx. const vel. 10 000 (-0.5 db) ; 9000 ; 8000 ; 
7000 (-1); 6000; 5000 (-1.3); 4000; 3000 
(-1); 2000; 1000 (0 db = 5.2 cm/sec); 700 
(—0.5); 400 ( — 1.5); approx. const, ampl. 400; 
300 ; 200 ; 100 ; 50 ; 1000. Velocity at 1000 c/s 
= 5.2 cm/sec. 
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Columbia 

TL-1 LP microgroove 
33-1/3 r.p.m. 



TL-2 LP microgroove 
33-1/3 r.p.m. 



RD-103 LP microgroove 
33-1/3 r.p.m. 
12 in. Bands 



RD-103A LP microgroove 
33-1/ 3 r.p.iii. 
12 in. Bands 



(10003-M) 78 r.p.m. 
12 in. shellac 



(10004-M) 78 r.p.m. 

12 in. shellac 
Audiotone 

78-1 78 r.p.m. 

London Gramophone 

T4998 12 in. 78 r.p.m. 



Clarkstan 

(2000S) 78 r.p.m. 

(20002S) LP microgroove 
Cook 

Series 10, 10 in. Plastic 
DF. Side A 78 r.p.m. 



10 000 ( + 12 db); 9000 ( + 12) ; 8000 ( + 11.5); 7000 
( + 11) J 6000 ( + 11) ; 5000 ( + 10); 4000 (+7.5) ; 
3000 (+5.5); 2000 (+3); 1500 (+2); 1000 (0 db = 
1 cm/sec. r.m.s.) ; 800 (-1) ; 500 (-2.5); 400 (-4); 
300 (-6); 200 (-8.5); 150 (-10); 100 (-11); 
70 (-12); 50 (-13). This record is cut with the 
microgroove recording characteristic including high- 
frequency pre-emphasis. 

10 000 (+5.5 db) ; 9000 (+5.5) ; 8000 (+5) ; 7000 
(+5.5) ; 6000 (+5) ; 5000 (+7) ; 4000 (+7.5) ; 3000 
(+7) ; 2000 (+4.5) ; 1500 (+6.5) ; 1000 (+7.5) ; 
800 (+7.5) ; 500 (+7.5) ; 400 (+6) ; 300 (+3.5) 
200 (-0.5); .150 (-3.0); 100 (-6); 70 (-7.5); 
50 (-10.5) ; 30 (-12 db). db = 1 cm/sec. r.m.s 
10 000 (+5 db) ; 9000 ; 8000 ; 7000 ; 6000 (+5) 
5000 ; 4000 (+7) ; 3000 ; 2000 (+5) ; 1500 ; 1000 
(+7.5); 800; 500 (+7.5) ; 400; 300; 200 (0 db) ; 
150 ; 100 (-6) ; 70 ; 50 ; 30 c/s (-12) ; db = 
1 cm/sec. Essentially flat over constant-velocity 
portion, with cross-over 500 c/s. 
10 000 ( + 12 db) ; 9000 ; 8000 ; 7000 ; 6000 ( + 10 
db) ; 5000 ; 4000 ; 3000 (+5) ; 2000 ; 1000 (0 db) ; 
800; 500 (-2.5); 400; 300 (-6); 200; 100 (-11); 
70 ; 50 c/s ( — 13 db). db = 1 cm/sec. Levels 
arranged to reproduce ± 2 db of " flat " on correctly 
equalized LP reproducing system. 
1000 c/s ; 10 000 (-7 db) ; 9000 ; 8000 ; 7000 ; 
6000; 5000; 4000; 3000; 2000; 1500; 1000 
(-1 db); 800; 500; 300; 200; 150; 100; 70; 
50 ( — 17 db). Cross-over 300 c/s. Level approx. 
4.8 cm/sec. at 1000 c/s. 
As (10003-M) but with cross-over frequency 500 c/s. 



50 to 250 c/s (peak amplitude 0.0017 inch) ; 250 c/s 
upwards (constant velocity). 

14 000 c/s (0 db) ; 13 000; 12 000; 11000; 10 000; 
9000; 8000; 7000; 6000; 5000; 4000; 3000; 
2000 ; 1000 ; 400 (0 db) ; 250 (-2) ; 100 (-6) ; 
55 ; 30 c/s (-16 db). 

50 to 500 (constant amplitude) 500 to 10 000 c/s 
(constant velocity) in 17 steps. 
One side recorded flat, other side with NAB curve. 

Constant velocity (9 cm/sec.) above 500 c/s. with 3 db 
knee at crossover. Bands 1000 c/s ; 20 000 ; 17 000 ; 

15 000; 12 000; 10 000; 9000; 8000; 7000; 
6000 ; 5000 ; 4000 ; 3000 ; 2000 ; 1500 ; 1000 ; 
700; 500; 350; 250; 125; 62.5; 40 ; 35 ; 1000 
c/s. 

Side B : 33-1/3 r.p.m. ; Band 1-LP spot check for 
standard LP pre-emphasis— 100 ; 1000 ; 3000 ; 6000 ; 
10 000 c/s. Band 2—100 and 7000 c/s intermodula- 
tion test, with 7000 c/s 12 db lower than 100 c/s, on 
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flat basis. No pre-emphasis. Band 3 — slow sweep 
frequencies from 1000 c/s to 35 c/s with 350 c/s 
crossover. Both sides cut for use with 1 or 3 mil 
reproducer stylus. 



TABLE 4 : SPECIAL TEST RECORDS 



R.C.A. Victor 

(12-5-1) 10 in. 78 r.p.m. 

Shellac DF 

(12-5-3) 12 in. 78 r.p.m. 

Shellac DF 

(12-5-7) 12 in. 78 and 

33-1/3 r.p.m. Shellac 

DF 
(12-5-9) 12 in. 78 r.p.m. 
Shellac SF 

(12-5-11) 12 in. 78 r.p.m. 
Shellac DF 



(12-5-13) 10 in. 78 r.p.m 
Shellac DF 

(12-5-15) 12 in. 78 r.p.m. 
Unfilled vinyl DF 

(12-5-17) 10 in. 78 r.p.m. 
Shellac DF 

(12-5-21) 12 in. 78 r.p.m. 
Unfilled vinyl DF 



(12-5-23) 12 in. 78 r.p.m. 
Unfilled vinyl DF 

(12-5-29) 7 in. 45 r.p.m. 
Unfilled vinyl DF 
(12-5-35) 7 in. 45 r.p.m. 
Unfilled vinyl DF 

(12-5-37) 7 in. 45 r.p.m. 
Unfilled vinyl DF (RL- 
419) 



(12-5-39) 12 in. 78 r.p.m. 
Unfilled vinyl DF (RL- 
420) 



Unmodulated grooves at normal recording pitch with 
lead out and eccentric. Same both sides. 
Unmodulated grooves at normal recording pitch with 
lead out and eccentric. Same both sides. 
On 78 r.p.m. bands 2300 ; 1000 c/s. On 33-1/3 r.p.m. 
1000 ; 433 c/s. Frequencies constant within 0.2% 
instantaneous (12-5-5 on opposite side). 
Band 1— silent ; 2—400 c/s at 5.9 cm/sec. ; 3—1000 
c/s at 9.6 cm/sec ; 4 — silent. Frequencies constant 
within 0.2% instantaneous. 

Landing area with no lead-in spiral ; at least one un- 
modulated normal pitch groove ; steep blank spiral ; 
normal pitch inside groove ; lead out and eccentric 
Same both sides. 
As for (12-5-11). Same both sides. 

Warble frequency bands, sweep rate 5.5 c/s. Band 
(1) 500—2500 c/s ; (2) 750—1250 c/s ; (3) 1250—1750 
c/s ; (4) 1800—2600 c/s. Same both sides. 
As (12-5-15). Same both sides. 

For checking automatic record changers. Three 
modulated bands with large eccentric groove. Bands 
define standard 10 and 12 in. landing areas without 
lead in grooves. Inner band 936 c/s (1 minute) for 
checking wow. 

Various modulated bands joined by spiral grooves to 
indicate limits of standard recording dimensions 
(12-5-21 on other side). 

For checking landing and tripping action of changer 
mechanisms. Bands 1000 ; 400 ; 1000 c/s. 
For checking landing and tripping action of changer 
mechanisms ; for checking pickup sensitivity, turn- 
table flutter and rumble. 

Bands of 400 and 4000 c/s signals combined, the 
4000 c/s being 12 db below the 400 c/s level. Peak 
velocities from 3.8 to 18 cm/sec. in approx. 2 db steps. 
db = 6 cm/sec. Intermodulation distortion in the 
record is less than 4%. For testing pickup " track- 
ing " at various levels and stylus forces (Ref. 285). 
Bands of 400 and 4000 c/s signals combined, the 4000 
c/s being 12 db below the 400 c/s level. Peak re- 
corded velocities run from 27 to 4.4 cm/sec. in approx. 

2 db steps. db = 9.1 cm/sec. Intermodulation 
distortion in the record is less than 3%. Groove has 
small bottom radius suitable for testing with 1.0 or 

3 mil styli. Same use as 12-5-37. 
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(12-5-41) 12 in. 33.3 or 78 
r.p.m. Unfilled vinyl DF 



Clarkstan 

1000 A 12 in. 78 r.p.m. 
vinylite SF 



1000 D 12 in .78 r.p.m. 
vinylite SF. 



For routine testing of record changer operation with 
1.0 or 3.0 mil styli. Standard R.M.A. landing areas 
for 10 and 12 inch records are defined by short inter- 
rupted tones. Short bands of 400 and 1000 c/s tones 
are included for routine pickup sensitivity measure- 
ments. 



Sweep frequency record for oscillographic observation 
of equipment response. Frequency range 70 to 
10 000 c/s, flat within ± 1 db. Sweep frequency rate 
20 times/sec. Crossover 500 c/s. 
Sweep frequency record as 1000 A but covering range 
from 5000 to 15 000 c/s. 



EJVLI. Studios 

JH138 12 in. 78 r.p.m. 
for use with 2.5 mil 
radius stylus. 



Side 1 : 400 c/s (+22.5 db) with approx. 4000 c/s 
( + 10.5 db) superimposed additively for I.M. testing of 
pickups. Peak lateral velocity of combined wave is 
equal to that of a sine wave at a level +24.5 db. The 
succeeding 10 bands have levels of both tones reduced 
2 db below those of the foregoing band. 
Side 2 : 60 c/s (+8.6 db) with 2000 c/s ( + 10.3 db) 
superimposed additively. When the 2000 c/s is 
reduced in the picKup bass correction equalizer by the 
correct amount relative to 60 c/s (i.e. 13.7 db), its 
effective level will be —3.4 db, i.e. 12 db below the 
60 c/s tone. On a velocity basis, the peak lateral 
velocity of the combined wave is equal to that of 
a sine wave at a level +15.5 db. The peak combined 
amplitude is equivalent to that of a 60 c/s sine wave 
having a level of +10 db. The succeeding 10 bands 
each have the level of both tones reduced by 2 db below 
those of the foregoing band. db = 1 cm/sec. r.m.s. 
(Ref. 310). 



SECTION 6 : DISTORTION* AND UNDESIRABLE EFFECTS 

(i) Tracing distortion and pinch effect («) Playback loss (iii) Wow, and the effects 
of record warping (iv) Distortion due to stylus wear (v) Noise modulation (vi) 
Pickup distortion (mi) Acoustical radiation (viii) Distortion in recording. 

(i) Tracing distortion and pinch effect 

Tracing distortion (also known as playback distortion) is non-linearity introduced 
in the reproduction of records because of the fact that the curve traced by the centre 
of the tip of the reproducing stylus is not an exact replica of the modulated groove. 

Detailed mathematical analyses of tracing distortion have been made (Refs. 41 and 
213, 42, 224, 264) and some popular articles have been written (Refs. 40, 146). The 
distortion arises from the shape of the cutter, which has a chisel edge, so that a spherical 
tipped needle follows a different path — in other words it introduces harmonic dis- 
tortion. Odd harmonics are shown up in the lateral movement of the needle, while 
even harmonics make their presence felt through vertical movement of the needle — 
the "pinch effect." 

* See also Chapter 37 Sect. 1 (vi) N for I.R.E. tests on phonograph combinations. 
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Harmonic tracing distortion 

It had earlier been believed (Ref. 42) that the dominant harmonic was the third, 
but a more recent analysis (Ref. 264) has proved that the higher harmonics also should 
be considered. The values of the fundamental and harmonics up to the seventh may 
be calculated from the equations below. The harmonic distortion, when reproducing 
with a constant velocity pickup, is given by the ratio of the harmonic to the funda- 
mental, multiplied by the harmonic number (e.g. 3 for third harmonic). 

Fundamental amplitude = A - -i?M 3 |l - %A 2 + -A* - . . .J + 



16 



l -R*A>{l - W + . . .} - J3^g*M'{l --..} + 



768 
Third harmonic amplitude 
9 



(1) 



512 



- iV'H 1 - u * + h Ai - - • •} + 

«M'{l - M- + . .} - 4o^o^ 6 ^'{l -...}+.-. (2) 



Fifth harmonic amplitude = f2o R *^ s \l - W + ■ • •/ + 

i 5 "1 &>' f "1 

V - l" + •••/- 73728^'i. 1 -•■•/- 

k R ' A '{ 1 ~ ■ ■ } ~ 



2b f 5 1 I*i5 

15 -^i?MH 1 - -A* + . . . f - ^ icVi'i !-...>-... (3) 

Seventh harmonic amplitude 



(4) 



where A = l-na/X 
R = 2nr/X 
a = amplitude of lateral modulation of groove, measured in the plane of 

the record 
r = stylus radius 
and A = wavelength of sinusoidal modulation measured in the direction of an 
unmodulated groove. 
These formulae only hold when RA does not exceed y/2. 

Example : Groove velocity 10 inches/sec, lateral groove velocity 2 inches/sec 
for / = 4000 c/s, 

r = 2.3 mils. 
Wavelength = A = 10/4000 = 0.0025 inch. 
Amplitude = a = 2/2tt(4000) = l/4000ir inch. 

A = 2ir a/A = 0.2. 

R = 2^0.0023X400) - 1.84*. 
From (1) : Fundamental amplitude = 0.1839 (this is 91,9% of the groove ampli- 
tude). 

From (2) : Third harmonic amplitude = — 0.0113. 
Percentage third harmonic with constant velocity pickup = 

3 X 0.0113 x 100/0.1839 = 18.4%. 
From (3) : Fifth harmonic amplitude = + 0.0035. 
Percentage fifth harmonic with constant velocity pickup = 

5 x 0.0035 x 100/0.1839 = 9%. 
Total r.m.s. distortion = 20%. 

Intel-modulation tracing distortion 

The harmonic distortion so far discussed implies the existence of intermodulation 
distortion which causes the most distressing effects on the listener and is still audible 
when the offending harmonics are inaudible. The ratio of intermodulation distortion 
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to total harmonic distortion may be as high as 10 times (Ref. 110). Intermodulation 

distortion may, in severe cases, be audible as a buzz. 

Since the higher order harmonics are substantial, the most convenient method of 

comparison for different conditions is given by intermodulation distortion (Ref. 264) 

and four curves for selected operating conditions are given in Fig. 17.37A. Under 

these operating conditions the upper limit for good reproduction is 10% intermodula- 
tion — this does not hold for other conditions. 

The minimum groove diameters for reasonable fidelity (less than 10% calculated 

intermodulation distortion as given by Fig. 7.37A) are : 

R.P.M. Stylus radius Min. groove diameter 

78 3.0 mils 6.1 inches 

45 1.0 4.9 

33-1/3 1.0 6.5 

33-1/3 2.3 10.1 

Fortunately, owing to the smaller amplitudes which usually occur in both speech 

and music at the higher frequencies, the actual distortion under the prevalent listening 

conditions is usually less than the values given above. In addition, the yield of the 

record material reduces the distortion (Ref. 265) ; this is appreciable with vinyl, 

but negligible on shellac records. A further effect is the translation loss which may be 

about 6 to 8 db at 10 000 c/s at 

the inner radius with 78 r.p.m. 

standard groove, whereby both 

fundamental and harmonics are 

reduced. All these subsidiary 

effects tend to decrease the actual 

tracing distortion. 
However, the deterioration in 

both frequency response and 

fidelity is plainly audible to a 

critical listener as the groove 

radius decreases towards the end 

of a record ; this applies to 78 

r.p.m., transcriptions and all 

types of fine groove recording. 5 

The effect of recording char- g 
acteristics on tracing dis- 2 
tortion S 

Over the range of constant z 
velocity recording, the tracing 
distortion is proportional to the |_ 
square of the frequency J 

With high-frequency pre-em- <jj 
phasis followed by the correct j£ 
amount of de-emphasis, at the 
rale of 6 db/octave above a 
" hinge frequency " f x (P in Fig 
17.37B) the third harmonic trac- 
ing distortion at a recorded fre- 
quency/! will be one third of the 
value calculated by the procedure 
outlined above provided the con- 
stants are the same in both cases. 0-3, 
This relationship will, however, 
not hold at any other point. For 
example, at frequency / 2 where 
/ 2 = 2/ 13 the amplitude at Q 
will be twice that at Q and the 
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Fig. 17.37A. Variation of calculated inter- 
modulation tracing distortion with record diameter 
{based on Ref. 292). 



760 



(i) TRACING DISTORTION AND PINCH EFFECT 



17.6 



Fig. 17.37B. Ideal recording char- 
acteristic for calculating tracing 
distortion. 




f '■ 

Frequency (c/») 



(5) 



distortion will therefore be four times as great with pre-emphasis : de-emphasis 
as at point P. This may be expressed in the general form 
H s % (constant amplitude) m 2 
H 3 % (constant velocity) 3 

where m = fjfx 

f 2 = recorded frequency 
/i = hinge frequency of pre-emphasis 
and the pre-emphasis and de-emphasis are both at the rate of 6 db /octave above / x 

If/s = /i w = 1 Ratio of if 3% = 1/3 

ft = 2fi m = 2 Ratio of H 3 % = 4/3 

/« = 4/j m = 4 Ratio of /f,% = 16/3 

Other distortion effects 

In the foregoing treatment it is assumed that the pickup stylus and armature are 
able to follow ideally all the sharp and sudden changes in the modulation of the groove 
which occur with complex sounds. In many cases this is obviously not the case, so 
that additional causes of spurious intermodulation products (mainly inharmonic) 
arise. These are reduced by the use of a really good pickup but in most cases it is 
probably true that the best available pickup will introduce distortion additional to 
the theoretical tracing distortion. 

The distortion arising from overmodulation at high frequencies due to a high value 
of pre-emphasis has already been covered in Sect. 5(i). Similar effects may occur 
at low frequencies with organ music, but may be avoided by the use of a low frequency 
limiter in the recording amplifier. 

The effect of finite size of needle tip on the reproduction of the fundamental re- 
corded frequency is covered in Sect. 2(i), also translation loss. 

The pinch effect has already been mentioned. It causes increased combination 
products, forced vibration of the armature at its high resonant frequency, increased 
noise in the output voltage and needle talk. Fortunately these bad effects may be 
considerably reduced by the introduction of vertical compliance either in the needle 
(bent shank or trailer type) or in the pickup itself. 

References to tracing distortion, intermodulation distortion and pinch effect : 
11, 40, 41, 42, 47, 110, 146, 193, 212, 213, 223, 224, 225, 248, 264, 265, 285 

(ii) Playback loss 

Playback loss has been defined as the difference between the recorded and the re- 
produced level at the very same point of a record. It is due to the physical properties 
of the record material, being evident as a loss of the higher frequencies. A com- 
paratively stiff and hard material such as is used with shellac pressings has very little 
playback loss ; vinyl and lacquer are very much more flexible and exhibit appreciable 
playback loss. It is also a function of the pickup used. Reference 227. 

(iii) Wow and the effects of record warping 

Wow is a low-frequency modulation effect caused by spurious variations in groove 
velocity, either in recording or in reproduction. In recording, the American N.A.B. 
recommends that the maximum instantaneous deviation from the mean speed of the 
recording turntable shall not exceed ± 0.1% of the mean speed. The B.B.C. " D 
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channel" limit is ± 0.05% (Ref. 297). In reproduction, most turntables used in 
combination sets suffer from an appreciable slowing down on heavily recorded pas- 
sages. This effect is reduced by the use of a light-weight pickup with high lateral 
compliance. The effect may be noticed, in severe cases, by a movement in the pattern 
produced on a stroboscopic disc at the commencement and end of a heavily recorded 
passage. 

A warped disc or wobbling turntable will produce greater wear and eventually 
greater scratch level on the high portions of the record. This is much less with well- 
designed light-weight pickups than with older models. However, it is important 
that the stylus force should be considerably more than the minimum for correct 
tracking on a perfectly flat record. A record with warp in excess of 1/16 inch is 
likely to cause trouble. 

An eccentric disc or turntable will tend to cause wow ; a very small amount of eccen- 
tricity is sufficient to be noticeable in recording (max. ± 0.002 inch N.A.B. ; also 
English — Ref. 235). This will produce a tonal pitch variation of 0.1% on reproduc- 
tion (10 or 12 inch records). 

Flutter is similar to wow but at a high frequency ; the ear is very sensitive to this 
form of distortion. This also may occur both in recording and in reproduction. 

References to wow etc. in recording : 84, 90, 193, 231. 

Reference to tests on wow in phonograph combinations : 267. 

See also Chapter 37 Sect. 1 (vi) N for I.R.E. tests on phonograph combinations. 

(iv) Distortion due to stylus wear 

All theoretical work on disc reproduction assumes that the needle point is perfectly 
spherical. A jewel or other form of permanent tip suffers wear on two opposite faces. 
The wear is usually measured in terms of the width of the nearly flat portion. The 
distortion arising from the worn stylus is independent of amplitude, and consists 
principally of odd harmonics. The distortion is a function of d/l 
where d = width of flat on needle 
and / = wavelength of recorded tone. ,^ 

The following table has been calculated from published data (Ref. 59) foi*standard 
groove constant velocity recording : 



d/l 


fundamental 


H, 


H 5 


at innermost groove 


/ = 1000 c/s 


/ = 10 000 c/s 


0.16 

0.22 

0.275 

0.36 

0.5 


- 1 db 

- 2 db 

- 3 db 

- 5 db 
-10 db 


4.8% 
10% 
20% 
44% 


6.6% 
12% 

17% 


d = 1.5 mil 
d = 2.4 mil 
d = 3.3 mil 
d = 4.1 mil 


d = 0.15 mil 
d = 0.24 mil 
d = 0.33 mil 
d = 0.41 mil 



The distortion becomes very severe before there is any appreciable attenuation of 
the fundamental caused by the needle wear. Although the harmonics of the higher 
frequencies may be outside the frequency range of the equipment, the intermodulation 
products will be apparent. 

If the recording characteristic is constant amplitude (6 db /octave high frequency 
pre-emphasis followed by de-emphasis) the values of distortion in the table should 
be divided by 3 and 5 for H s and H s respectively. In this case pre-emphasis : de- 
emphasis shows to considerable advantage over constant velocity, in that styli last 
longer before requiring replacement, for the same distortion. 

It is obvious that, for high fidelity, no observable stylus flat is permissible. This 
seriously limits the life of sapphire styli, even when using a good quality pickup with 
high lateral and vertical compliance — see Sect. 2(vi). 

(v) Noise modulation 

The noise level is usually measured as the high-frequency noise developed by an 
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unmodulated groove. When a high degree of noise is present and the groove is 
modulated by a single-frequency signal, it is found that the signal tends to modulate 
the noise. The noise modulation reaches a maximum twice each cycle, and the peak 
amplitude may be over ten times the peak amplitude of the measured noise in an 
unmodulated groove. The use of pre-emphasis : de-emphasis is to reduce the noise 
itself but to increase noise modulation. This effect is not apparent when the inter- 
modulation is less than 4%. 

This effect may be minimized during recording, by special means suggested in the 
article. 

Reference 145. See also Ref. 193 (proposed standards). 

(vi) Pickup distortion 

Non-linear distortion in a pickup may vary from practically nil in the best high- 
fidelity types to over 5% total harmonics in some types. _ The total harmonic dis- 
tortion with a well designed crystal pickup is well under 2% (Ref. 120). 

The usual method to test harmonic distortion is to use a suitable frequency 
test record, check it for distortion with a pickup which is known to have very low 
distortion, then measure the distortion with a wave analyzer. A simple test is to use 
a C.R.O., but this is not capable of indicating less than about 2% or 3% total har- 
monic distortion. The distortion is always a function of frequency, so that it should 
be checked at all practicable frequencies. " The minimum stylus force for a given 
pickup to track a given frequency recorded at a given level can be determined . . 
by the observation of waveform on an oscilloscope. The waveform produced by 
failure to track has a characteristic ' spiked ' appearance, and a very small trace of 
this form of distortion is easily detectable " — Ref. 310(b). 

Intermodulation distortion is preferable to total harmonic distortion as a general 
indication of pickup performance. Recommended test frequencies are 400 and 4000 
c/s, with the latter 12 db lower than the former. Test records are available with bands 
recorded at different levels, from below normal level, increasing by 2 db steps to 
+ 10 db (e.g. R. C. A. Victor RL-419, RL-420, E.M.I. JH 138). 

In most cases the intermodulation distortion of a pickup increases very gradually 
up to a certain level, and then rises very rapidly as the level is further increased. 
This " knee " shoi |i occur at a level of about +6 db, on record RL-420, that is at 
about 18.2 cm/sec* A high fidelity pickup, tested on record RL-420 shows about 
2.5% intermodulation distortion at a level of +6 db ; most of this distortion is due 
to the record (Ref. 291). Other modern lightweight pickups give up to 8% inter- 
modulation at db (9.1 cm/sec). 

The " tracking " capability of a pickup may be checked by plotting a curve of inter- 
modulation distortion against recorded level, for selected values of vertical stylus 
force (for details see Ref. 285). 

Intermodulation distortion may be measured either as the r m.s. sum or as the 
arithmetical peak sum — see Chapter 14 Sect. 3(ii) and (v). An intermodulation 
analyser using the peak sum method is described in Ref. 291. 

(vii) Acoustical radiation 

Acoustical radiation or needle chatter varies considerably among pickups. Some 
pickups have no audible radiation. In other cases the radiation may be reduced, 
if desired, by the use of a bent-shank needle or trailer type (Ref. 225). 

(viii) Distortion in recording 

If the distortion in the cutter head includes, say, 1 % third harmonic distortion, this 
will result in 4% third harmonic distortion if both the fundamental and the harmonic 
frequencies are recorded and reproduced at constant velocity. On the other hand 
pre-emphasis followed by de-emphasis will reduce this form of harmonic distortion, 
although intermodulation products will still be present (Ref. 189). 

See also Sect. 9(i) for distortion on original recordings. 

Proposed standards for the measurement of distortion in sound recording : 

Ref. 193. 
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SECTION 7 : NOISE REDUCTION 

(i) Analysis of noise (it) High-frequency attenuation (Hi) High-frequency pre- 
emphasis and de-emphasis (iv) Volume expansion (v) Olson noise suppressor (vi) 
Scott dynamic noise suppressor (vii) Price balanced clipper noise suppressor. 

(i) Analysis of noise 

Noise in the reproduction of sound from records may be divided into two distinct 
groups, low frequency noise such as hum and rumble, which has already been dealt 
with, and surface noise (scratch) which is the subject of this section. 

Surface noise, when reproduced with a high fidelity pickup, covers the whole 
audible frequency range and beyond, but is most distressing to the ear at frequencies 
from about 1500 to 15 000 c/s. The surface noise per 1 c/s increases with increasing 
frequency. 

When a pickup is used which has a pronounced peak in the region of 3000 to 6000 
c/s, the noise in the output appears to have a peak at this frequency. This effect is 
due partly to the increased response of the pickup at the frequency in question (which 
could be removed by equalization) and partly to shock excitation of the pickup arma- 
ture. The remedy is to use a better quality pickup. 

References 15, 21. 

(ii) High-frequency attenuation 

The distressing effects of surface noise on the listener may be reduced by any form 
of high-frequency attenuation. Soft needles, such as fibre, thorn, bent shank or 
trailer type, introduce attenuation of this kind but it is not controllable and, in the 
case of fibre and thorn needles, variable. 

Electrical attenuation is to be preferred, although it may be combined with the 
use of, say, a bent shank needle. Best results are obtained with a combination of 
two attenuation characteristics — 

1. A very rapid attenuation above a fixed frequency (say 7000 c/s, or a choice be- 
tween 4500, 7000 or 10 000 c/s) for use with old or noisy records. A suitable circuit 
is Fig. 17.24A. 

2. A gradual attenuation characteristic with a hinge point at about 1500 c/s with 
variable rate of attenuation up to at least 6 db /octave, in addition to any de-emphasis 
as such. Some possible circuits are described in Chapter 15 Sect. 6. See also 
Figs. 17.19, 17.23 and 17.27. Crystal pickups used without an equalizer give an 
attenuation approaching 6 db /octave. 

If it is not practicable to have two independent attenuation characteristics, a single 
characteristic may be used provided that it is capable of giving an attenuation of at 
least 30 db at 7000 c/s, for use with worn records, 

(iii) High-frequency pre-emphasis and de-emphasis 

This method has already been described, and reduces the noise by approximately 
half the amount of pre-emphasis at 10 000 c/s (for characteristics which follow the 
time-constant roll-off). 

(iv) Volume expansion 

Volume expansion provides an increase in the dynamic range and, effectively, 
reduces the surface noise level with reference to the maximum power output. Full 
details are given in Chapter 16. On account of the lim*te*B9ns of available types of 
volume expanders, a maximum expansion of 8 U| EL fe.stt ggested as a satisfactory com- 
promise. 

A combined volume expander ansfcseiatch suppressor is described in Ref. 211. 

(v) OlsQBLnoise suppressor 

The Olson noise suppressor works on the principle of the threshold effect. If the 
noise is below a certain low threshold value it is not amplified. The output versus 
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input voltage characteristic is approximately horizontal for an input up to, say, 0.5 
volt ; this may be accomplished by means of a network incorporating voltage-delayed 
diodes (such as 6H6) or germanium crystal diodes. The distortion products (all 
harmonic and most of the intermodulation) are eliminated by splitting the high fre- 
quency part of the amplifier into channels each covering only one octave. Some 
possible combinations are 

1. 0-3000 c/s ; 3000-6000 c/s (2 channels). 

2. 0-2000 c/s ; 2000-4000 c/s ; 4000-8000 c/s (3 channels). 

3. 0-1500 c/s ; 1500-3000 c/s ; 3000-6000 c/s ; 6000-12 000 c/s (4 channels). 
Filters are used which provide attenuation at the rate of approximately 30 db /octave 

at both ends of each channel, except the low frequency end of the first channel. A 
filter network for two channels is given in Ref. 115, while one for four channels is 
given in Ref. 138. 

The only known defects are that signals below the threshold value are lost, and 
that there are some intermodulation products. 

(vi) Scott dynamic noise suppressor 

The Scott dynamic noise suppressor controls the bandwidth of the amplifier by 
means of separate high-frequency and low-frequency tone controls which are auto- 
matically controlled by the signal. Fig. 17.38 shows one simple application suitable 
for home use (Ref. 251 based on Ref. 114). V x is an amplifying stage which also 
provides the voltage for application to both high-frequency and low-frequency control 
circuits which in turn control the grid voltages of V z and V s . The parallel resonance 
between L x and C x provides an attenuation at high frequencies and a high attenuation 
above the normal operating range ; it may also be used as a whistle filter. V z is 
used as a reactance valve providing variable capacitive reactance which, together with 
C 2 and its companion series condenser, forms a series resonant circuit with L 2 . The 
low-frequency gate including V 3 is quite readily understood. Switch S x allows the 
suppressor to be opened, providing maximum frequency range when no suppression 
is desired. When S x is closed, R 3 controls the amount of suppression. For bad 
records, switch S 2 allows restriction of the maximum frequency range. Switch S a 
closes the high-frequency gate and leaves the low-frequency gate open. 

The frequency characteristics of an experimental model built in our Applications 
Laboratory is given in Fig. 17.39 (Ref. 251). Scott recommends that C x should be 
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Fig. 17.38. Simple Scott dynamic noise suppressor (Ref. 251 based on Ref. 114). 
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adjusted for minimum output at 9000 c/s, but it was found preferable to tune C x and 
L x for minimum output at 7500 c/s to avoid too great a rise in output between the two 
frequencies of maximum attenuation. This simple circuit cannot provide a response 
extending above about 6000 c/s. 

A more recent model with minimum output at 10 000 c/s is described in Ref. 184. 

Performance data of a more flexible dynamic noise suppressor built into a complete 
amplifier are given in Ref. 173. 




500 1,000 

Frequency c/« 



5,000 10,000 
FIG. 17.39 



Fig. 17.39. Frequency characteristics of circuit of Fig. 17.37 (Ref. 251). 

A modified circuit for home use is that used in the Goodell radio-phonographs 
(Ref. 133 Fig. 1). This includes provision for a switch to short-circuit the high- 
frequency filter (ZaCj in Fig. 17.38) ; -the sharp cut-off is at a frequency from 10 000 
to 16 000 c/s. This and the Scott amplifier (Ref. 173), are to be preferred to the earlier 
circuit of Fig. 17.38. 

A more elaborate circuit, which also includes a pre-amplifier suitable for use with 
a low-level electromagnetic pickup, a 3 stage power amplifier, frequency-compensated 
volume control and bass and treble tone controls, is described in detail in Ref. 250. 
See also Ref. 188 for further information. 

A simpler modification is described in Ref. 165 in which a combined equalizer 
suitable only for use with low-level electro-magnetic pickups (such as G.E. or Picker- 
ing). This uses one 12SG7 valve and two 12SL7 twin triodes, with d.c. heater supply. 

Much more elaborate dynamic noise suppressors for use in broadcast stations are 
described in Refs 114, 133, 275. 

An analysis of the filter characteristics for the dynamic noise suppressor are given 
in Ref. 140. 

References to Scott dynamic noise suppressor : 83, 114, 133, 165, 173, 184, 188, 
250, 275. 

To obtain the best results from the dynamic noise suppressor requires intelligent 
attention from the operator, using the minimum degree of suppression rather than 
the maximum. The level should be controlled at some point after the suppressor 
(see comments, Ref. 149). 

A comparison between the Scott, Fisher and Goodell versions of the dynamic noise 
suppressor is given in Ref. 182. 

(vii) Price balanced clipper noise suppressor 

This is a modification of the Olson noise suppressor described above. It differs 
from the Olson design in that a push-pull clipper is used in order to eliminate second 
harmonic distortion and thus permit an increase in the frequency coverage of each 
high-frequency channel. Possible arrangements are 0-3500 ; 3500-8000 c/s or 
0-3000; 3000-7000; 7000-15 000 c/s (Ref. 150). 

The principle of operation is open to the objection that it will respond to certain 
intermodulation products, more so than the Olson design. 
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SECTION 8 : LACQUER DISC HOME RECORDING (DIRECT 

PLAYBACK) 

(j) General description (it) Recording characteristic (Hi) Cutting stylus (iv) 
Cutter head (v) Equalization of cutter (vi) Motor and turntable (vii) Amplifier 
(viii) Pickups for use on lacquer discs (ix) Recording with embossed groove. 

(i) General description 

Lacquer discs for home recording usually consist of a thin coating of cellulose 
nitrate on an aluminium disc, but other coating and disc materials are also used. 
There are considerable differences in the performance obtained with the best quality 
discs as compared with others. 

The principal defects shown by some lacquer discs are 

1. High noise level. 

2. Loss of high frequencies on play-back. 

3. Distortion, particularly due to drying out after cutting. 

Lacquer discs can be used either with a standard stylus or a fine groove stylus. The 
following details apply to the standard stylus except where otherwise indicated. 

With a suitable light-weight pickup, as many as 100 playings are possible. The 
discs may be processed for making a large number of pressings (for studio use). The 
signal to noise ratio with the best lacquer discs under the best conditions with a 
standard stylus may be between 50 and 60 db, the noise level being lowest at the 
greatest recording diameter and increasing by 2 to 8 db at a recording diameter of 
5 inches. With a fine groove stylus the signal-to-noise ratio may be about 58 to 60 
db at 10 in. recording diameter, 54 to 58 db at 8 in. and 40 to 50 db at 5 in. diameter. 
The signal-to-noise ratio may be less than the values quoted above, owing to the use 
of poor discs and technique ; the difference Jbetween a good and a poor disc may 
exceed 10 db The overall distortion under the best conditions may be less than 5%. 

Discs are available with diameters of 5, 6, 7, 8, 10, 12, 13J and 16 inches. Discs 
for home recording are usually limited to 12 inches. If recording is made at 33-1/3 
r.p.m. it is wise not to record below a diameter of 8 inches, owing to the loss of high 
frequencies and increased noise. With 78 r.p.m. it is wise not to record below a 
diameter of 5 inches, for good fidelity. 

The thread (swarf) is highly inflammable, and should be disposed of in water or a 
closed metal container. 

References : 9, 163, 189, 218, 230, 274. 
Standards for " Disc Home Recording " 
(based on R.M.A. REC-105, Aug. 31, 1947) 

Drive pin at radius of 1 in. from centre of turntable. 

Drive pin diameter 0.180 to 0.185 in. 

Drive pin hole 1/4 inch nominal. 

Centre hole of rigid base discs, 0.284 in. min. diameter. 

Cutting stylus length 5/8 in. 

shank diameter 0.0625 in. 

face angle 87° 

heel angle 50° 

shank flat length 3/8 in. 

shank flat depth 0.010 in. 

nax. tip radius (if any) 0.002 in. 

Cutting face to be parallel with stylus axis. 

(ii) Recording characteristics 

The most generally used cross-over frequency is 500 c/s. It is usual to adopt a 
close approach to the N.A.B. pre-emphasis characteristic ( + 16 db at 10 000 c/s) 
followed by de-emphasis. The soft coating material causes some loss of higher 
frequencies during playback, so that a smaller amount of de-emphasis is required 
than would be used with hard discs, such as shellac. 
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(iii) Cutting stylus 

The usual cutting stylus has a tip radius of about 2 mils with an included angle of 
about 90°. The depth of cut is usually between 1.5 and 2.5 mils. Steel cutting 
styli are cheap, but give poor performance all round, and only last for about 15 to 30 
minutes of recording. Sapphire cutting styli are very much to be preferred ; they 
may be reground when necessary Some alloys (e.g. stellite) approach the sapphire 
performance, and are readily re-ground. 

The shape of the cutting stylus is vitally important ; it normally has burnishing 
facets to produce a noise-free polished groove (Refs. 95, 222). 

A hot stylus recording technique has been developed to reduce the noise level by 
12 to 18 db while retaining good high-frequency response. No burnishing facets 
are required (Refs. 288, 289, 315). 

(iv) Cutter head 

The cutter head requires an available electrical driving power of at least 10 watts, 
with a higher value preferred. Electro-magnetic cutters with good characteristics 
(Ref. 233) are preferable but expensive. Crystal cutters with reasonably flat charac- 
teristics from about 50 to 9000 c/s are cheaper and satisfactory for home use. 

The cutter head is mounted on a feed mechanism which usually provides 96, 112 
or 120 grooves per inch. 

(v) Equalization of cutter 

Equalization is required, firstly to correct any shortcomings in the cutter itself, 
and secondly to provide the desired recording characteristic. In home recorders 
using electro-magnetic cutters it is usual to omit the first, and to limit the second to 
high-frequency pre-emphasis. The cross-over frequency is thus fixed by the cutter 
design. 

High-frequency pre-emphasis (treble boosting) may be provided in a conventional 
manner to give any desired characteristic. Home recorders usually limit the maxi- 
mum frequency to 8000 c/s or less, with a maximum boost from 10 to 14 db. 

If a crystal cutter is directly connected to the secondary of the output transformer, 
and if the output resistance of the amplifier (reflected on to the secondary) is less than -*> ( 
the capacitive reactance of the crystal at the highest frequency, the recording charac- 
teristic will be constant amplitude. The Brush RC-20 crystal cutter has a capacitance 
of 0.007 [iF, with a reactance of about 2500 ohms at 9000 c/s. The maximum signal 
voltage across the cutter (RC-20) should be about 50 volts ; the step-down ratio of 
the transformer should be calculated to provide this voltage at maximum power 
output. The English Acos cutting head requires an input of the order of 150 volts 
for 1 mil amplitude. This method is only satisfactory with triode valves. 

If pentode valves are used it is necessary to connect a suitable shunt dummy load 
to provide correct matching at about 500 c/s. 

The conventional constant velocity characteristic above a specified cross-over 
frequency may be achieved with a crystal cutter by designing so that the impedance 
of the driving source is equal to the capacitive reactance of the cutter at the cross-over 
frequency. With a low impedance source it is necessary to use a series loading re- 
sistance. 

(vi) Motor and turntable 

Motors and turntables for recording purposes must be specially designed for the 
purpose, as higher power, less vibration and more constant speed are required than 
with play-back alone. Some equipments are designed for 78 r.p.m. alone, while 
others are designed for either 33-1/3 or 78 r.p.m. 

(vii) Amplifier 

The amplifier should be capable of an output of at least 10 watts, with low dis- 
tortion and good frequency response. The noise and hum level should be at least 
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45 to 50 db below maximum power output (40 db is an extreme limit for poor re- 
cordings). The amplifier should preferably have push-pull triodes with negative 
feedback, although triodes without feedback or beam power valves with feedback may 
be used. 

(viii) Pickups for use on lacquer discs 

The pickup must be a light-weight type, preferably well under 1 ounce (28 grams) 
needle pressure. The play-back needle should be of the permanent type, usually 
sapphire, with a point radius of about 3 mils. The needle or pickup must have 
vertical compliance, and a trailer type of needle is frequently used. 

Reference 252. 

(ix) Recording with embossed groove 

An embossed groove in place of a cut groove has, so far at least, had very limited 
use. One application (Ref. 103) makes use of 33-1/3 r.p.m. discs with 220 grooves 
per inch which provide 15 minutes playing time on each side of a 7 inch disc. The 
frequency range is from 150 to 4000 c/s, being suitable for dictation machines. 
Smaller discs provide 7 £ minutes playing time. A special application called for 330 
grooves per inch with 30 minutes playing time on each side of a 7 inch disc, working 
at 22 r.p.m. 

See also Refs. 63, 210, 242. 
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SECTION 9 : REPRODUCTION FROM TRANSCRIPTION DISCS 

(*') Introduction (it) Characteristics of record material, wear and noise {Hi) Sound 
track (iv) Recording characteristics and equalization (v) Translation loss and radius 
compensation. 

(i) Introduction 

Reproduction from transcription discs follows the same general principles as other 
disc reproduction, and will only be dealt with briefly. The special features of trans- 
scription disc recording and reproduction have been adequately covered in the litera- 
ture, to which a number of references have been given. 

The principal characteristics of N.A.B. (Ref. 237) and B.B.C. (Ref. 214) 16 inch 
33-1/3 r.p.m. transcription discs are given below : 



Detail 


N.A.B. (1949) 


B.B.C. 


Outer diameter 


15-15/16 ± 3/32 


16 ins. 


Outermost groove diameter 


15-1/2 ± 1/16 
(for inside start, 
15-9/16 ins max.) 


15-1/2 ins. 


Innermost groove diameter 


7-1/2 ins. min. 




Grooves per inch 


96, 104, 120, 128, 
136 etc. 


120 


Width of groove at top 


< 4.0 mils 


— 


Radius at bottom of groove 


1.5 mils max. 


1.5 mils 


Angle of groove 


88° ± 5° 


90° 


Turntable speed 


33-1/3 ± 0.3% 


33-1/3 r.p.m, 


Wow factor 


> ± 0.1% 


— 


Reproducing stylus : Angle 


40° —55° 


— 


Bottom radius (primary standard) 


2.0 ± 0.1 mils 


2.5 mils 


(secondary standard*) 


2.5 ± 0.1 mils 


— 


Recorded levelf (1000 c/s) 


Peak velocity 
7 cm/sec. 


— 


Direction of recording 


either 


outside-in 



Some 10 inch and 12 inch discs are also used, but these have been covered in Sect. 2. 

The pickups to be used with transcription discs should have a stylus force not 
exceeding 1-1/2 ounces (42 grams). Only permanent points should be used. 

The total harmonic distortion on an original recording at 1000 c/s or less, in accord- 
ance with good practice, would be less than 2% (Ref. 219). 

Intermodulation distortion measured on recordings made by three recording heads, 
with low frequency peak amplitudes of 2.5 mils and high frequency velocity 12 db 
lower, were approximately 1.0, 9.2 and 52% (Ref. 269). The first head is one giving 
exceptionally low distortion, while the second is representative of good practice. 
The readings were very littie affected by the choice of low or high frequency. When 
the level was reduced 6 db, the I.M. distortion was reduced to 23% with the third 
recording head (say 6% harmonic distortion). 

References to transcription recording (general) : 4, 7, 63, (92, 99, 163), (135, 205, 
146), 189, 214, 216, 218, 219, 230, 237. 

Standards : Refs. 2, 87, 214, 237 : Specifications : 185 ; Bibliography : 105. 

(ii) Characteristics of record material, wear and noise 

Most processed transcription disc are made of vinyl. Vinyl records will reproduce 

up to 1000 playings with a suitable light-weight pickup and permanent tip. For the 

effects of elastic deformation see Ref. 212 

♦Compromise for reproduction of both lateral transcriptions and 78 r.p.m. shellac discs. 
tThis is the deflection of a standard volume indicator. Programme peaks up to 21 cm/sec. would 
be anticipated. 
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Wear of stylus tips is covered in Sect. 2(vi). 

The N.A.B. (1949) standard for signal to noise ratio states that the noise level 
measured with a standard volume indicator (ASA Standard C.16.5-1942) when re- 
producing a record on a flat velocity basis over a frequency range between 500 and 
10 000 c/s shall be at least 40 db below the level obtained under the same conditions 
of reproduction using a tone record of 1000 c/s having a peak velocity of 7 cm/sec. 
Response of the system at 500 c/s shall be 3 db below the response at 1000 c/s,. and 
the response shall fali at the rate of at least 12 db/octave below 500 c/s. Response 
of the noise measuring system at 10 000 c/s shall be 3 db below the response at 1000 
c/s and the response shall fall at the rate of at least 12 db/octave above 10 000 c/s. 

The standard N.A.B. pre-emphasis will increase this value by approximately 
8 dbj resulting in an effective signal to noise ratio (under minimum conditions) of 
48 db. The peak signal to noise ratio will be at least 10 db better than this figure, 
with normal programme material — say 58 db. Lacquer discs (direct recordings) 
under similar conditions may have peak signal to noise ratios up to 68 db or even higher 
(Ref. 63). 

(iii) Sound track 

The ratio of maximum to minimum groove radius (N.A.B.) is 2.07 : 1. The groove 
speed varies from 27 to 13.1 inches per second. As the groove diameter approaches 
7-1/2 inches there is a progressive loss of high frequencies and increase in harmonic 
distortion during both recording and play-back. For an analysis of the radius of 
curvature see Ref. 146. For tables giving groove/land ratios see Ref. 205. 

(iv) Recording characteristics and equalization 

The recording characteristic standardized by N.A.B. (1949) is given in Fig. 17.15 
Curve 2, while that used by the B.B.C. is given in Fig. 17-14 Curve 4. The Orthacous- 
tic recording characteristic is given in Fig. 17.15 Curve 5. 

Equalization has been covered in Sect. 5. De-emphasis of the high frequencies 
(N.A.B.) may be accomplished by a capacitor connected across a resistive network. 
The value of the capacitance is given by 

C = 100/2? (1) 

where C = capacitance in microfarads 

R = total circuit impedance (supply resistance and load resistance in parallel) 
across which C is placed 
and 100 = time constant in microseconds. 
This provides de-emphasis of approximately 16 db at 10 000 c/s. 

(v) Translation loss and radius compensation 

Translation loss is defined as the loss in the reproduction of a mechanical recording 
whereby the amplitude of motion of the reproducing stylus differs from the recorded 
amplitude in the medium (N.A.B. 1949). The translation loss is a function of the 
record, the needle tip radius and the pickup. Usual values are from 8 to 16 db at 
10 000 c/s at the inner groove. 

Radius compensation (diameter equalization) 

In order to reduce the loss of high frequencies during play-back some recording 
organizations boost the higher frequencies during recording, the degree of boosting 
increasing as the stylus approaches the innermost groove. It is important to re- 
member that the purpose of radius compensation is to give, as nearly as practicable, 
constant output at all frequencies and at all positions along the groove, when played 
by a pickup with the recommended needle tip dimensions. 

The R.C.A. automatic recording equalizer MI-11100 provides two degrees of 
radius compensation. The low setting gives 10.8 db at 8 inches diameter and 8 db 
at 9 inches, both for 10 000 c/s. The high setting gives 13.5 and 9.9 db respectively 
under the same conditions. 
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The B.C.C. have a maximum radius compensation of 10 db, but the frequency at 
which it reaches 10 db is decreased as the diameter becomes smaller (minimum 8-3/4 
inches). 

There is no doubt that with certain kinds of music it is impossible to apply the 
full N.A.B. pre-emphasis of 16 db at 10 000 c/s together with the necessary amount 
of radius compensation to provide a nearly level frequency characteristic without 
serious over-modulation and distortion. The only answer seems to lie in the use of 
fine groove recording. 

References 4, 99, 189, 214, 227. 
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(i) General survey (») Carbon microphones (Hi) Condenser microphones (iv) 
Crystal and ceramic microphones (v) Moving coil (dynamic) microphones (vi) Pres- 
sure ribbon microphones (vii) Velocity ribbon microphones (viii) Throat microphones 
(ix) Lapel microphones (x) Lip microphones (xi) The directional characteristics 
of microphones (xii) The equalization of microphones (xiii) Microphone transformers 
(xiv) Standards for microphones. 

(i) General survey 

Microphones may be divided into two basic groups, pressure- and velocity-oper- 
ated. Any microphone that has its diaphragm exposed to sound waves on one side 
only, is a pressure-operated type— that is, the displacement of the diaphragm is 
proportional to the instantaneous pressure developed in the sound waves. At low 
frequencies a pressure-operated microphone is non-directional, that is to say it re- 
sponds uniformly to sounds from all directions. As the frequency increases, however, 
the response becomes more and more uni-directional and there is a peak in the high 
frequency response for sound impinging direcdy on the diaphragm ; this peak may 
be reduced or eliminated by placing the diaphragm at an angle of 45° to 90° to the 
direction of the sound. 

Examples of pressure-operated microphones are carbon, crystal, moving coil and 
pressure-ribbon microphones. 

A velocity-operated microphone is one in which the electrical response corres- 
ponds to the particle velocity (or pressure-gradient) resulting from the propagation 
of a sound wave through the air. Examples are the free-ribbon velocity microphone 
and pressure-gradient microphones. There are also combinations of pressure- 
operated and velocity-operated microphones. 

For good fidelity a microphone should have a wide frequency response without 
peaks, low distortion and good transient response. For public address a microphone 
need not have such a wide frequency response, particularly at the bass end, and a 
slight peak in the 3000 to 5000 c/s region is not usually considered detrimental, while 
distortion requirements are less stringent. 

The output voltage from a microphone is approximately proportional to the sound 
pressure. 

The peak r.m.s. sound pressure at a distance of 1 foot from a man's mouth is 
of the order of 10 dynes/cm 2 with conversational speech. It decreases 6 db each 
time the distance is doubled. When speaking with the mouth as close as possible 
to the microphone, the peak r.m.s. sound pressure is about 100 dynes/cm 2 . 

General references A5, D3, D4, D7, Dll. . 
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Microphone ratings 

Microphones may be rated in terms of either voltage or power, as described in 
detail in Chapter 19 Sect. l(iv). Ratings in common use include 

Voltage ratings 

A. Open circuit voltage (0 db = 1 V) for sound pressure 1 dyne/cm 2 , expressed in 
dbv*. 

B. Open circuit voltage (0 db = 1 V) for sound pressure 10 dynes /cm 2 , expressed in 
dbv. 

C. Volume units (as read by a standard Volume Indicator) for sound pressure 1 
dyne/cm 2 , expressed in vu. 

D. High impedance grid circuit voltage (0 db = 1 V, Z = 40 000 ohms) for sound 
pressure 1 dyne/cm 2 , expressed in dbv. 

Power ratings 

E. Output powerf (0 db = 1 mW) for sound pressure 1 dyne/cm 2 , expressed in 
dbm. 

F. Output powerf (0 db = 1 mW) for sound pressure 10 dynes/cm 2 , expressed in 
dbm. 

G. Output power (0 db = 6 mW) for sound pressure 1 dyne/cm 2 . This rating is 
now rarely used. 

H. Output power (0 db = 6 mW) for sound pressure 10 dynes/cm 2 . This rating 

is now rarely used. 
J. Output power (0 db = 1 mW) for sound pressure 0.0002 dyne/cm 2 . This is 

the R.M.A. Microphone System Rating G^ (R.M.A. Standard SE-105 ; see 

Chapter 19 Sect. l(iv)D). 

Voltage ratings — To convert from A to B, add + 20 db. 
To convert from B to A, add — 20 db. 
If a voltage rating is used for a low impedance microphone, the impedance across 
which the voltage occurs should be specified. 

Volume units — This is not an official microphone rating, but is sometimes used 
as a convenient method of measurement. The Volume Indicator is effectively a 
voltmeter in which vu = 0.77 volts r.m.s. across 600 ohms. To convert vu (Rating 
C) to voltage (rating A), add — 2 db. When the output from a low impedance micro- 
phone is quoted in terms of vu, it may be inferred that this is equivalent to the power 
output in milliwatts (Rating E). * 

Power ratings — The power rating is the power developed in a load of specified 
value. Power ratings E, F, G and H may be calculated one from the other as under : 



T convert from 


add 


To convert from 


add 


To convert from 


add 


E to F 


+20 db 


F to J 


- 94 db 


H to G 


- 20 db 


E to G 


- 8 


G to E 


+ 8 


H to J 


- 86 


E to H 


+ 12 


G to F 


+ 28 


J to E 


+ 74 


E to J 


-74 


G to H 


+ 20 


J to F 


+ 94 


F to E 


-20 


G to J 


- 66 


J to G 


+ 66 


F to G 


-28 


H to E 


- 12 


J to H 


+ 86 


F to H 


- 8 


H to F 


+ 8 







Relationship between voltage and power ratings 

Provided that the sound pressure is the same in both cases : Microphone rating 
in dbv (0 db = 1 volt) = microphone rating in dbm (0 db = 1 milliwatt) + correction 
factor (db) 

*dbv indicates a voltage, expressed in decibels, with db = 1 volt. 
tAlso applies to effective output level. 
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where the correction factor (C.F.) is given by. 

Z = 25 50 150 250 600 25 000 40 000 ohms 

C.F. = -16 -13 -8 -6 -2 +14 +16 db 

Crystal and condenser microphones cannot be rated in terms of power, while other 
types of microphones can only be compared directly with crystal and condenser types 
on the basis of the voltage on the unloaded grid circuit. To make this comparison 
it is here assumed that the nominal secondary impedance of the transformer is 40 000 
ohms and that the voltage across the secondary is the voltage that would occur across 
a resistance of 40 000 ohms which was dissipating a power equal to the output rating 
of the microphone. This voltage is here called, the high impedance grid circuit 
voltage (Rating D). 



To convert from 



add 



To convert from 



add 



A to D (crystal mics.) db 

B to D (crystal mics.) —20 db 

C to D - 2 db 

E to D +16 db 



F to D 
G to D 
H to D 
J to D 



- 4 db 
+ 24 db 
+ 4 db 
+ 90 db 



Typical microphone ratings (db) 
Rating A 



D 



Type 


db = 1 V 


db = 1 V 


db = 1 V 
Z = 40 000 Q 


db = 1 mW 




1 dyne/cm 2 


10 dynes/cm 2 


1 dyne/cm 2 


1 dyne/cm 2 




dbv 


dbv 


dbv 


dbm 


Carbon (S.B.) 


-50* 


-30* 


-23 


-39 


Condenser 


-50 to -60 


-30 to -40 


-50 to -60 


— 


Crystal (sound 










cell) 


-54 to -76 


-34 to -56 


-54 to -76 


— 


Crystal (dia- 










phragm) 


-46 to -65 


-26 to -45 


-46 to -65 


— 


Moving coil 


— 


— 


-49 to -70 


-65 to -86 


Pressure ribbon 


— 


— ■ 


-61 to -65 


-77 to -81 


Velocity ribbon 


— 


— 


-58 to -67 


-74 to -83 



♦Measured across microphone (approximate resistance 100 ohms). 
F G H 





db = 1 mW 


db = 6 mW 


db = 6 mW 


db = 1 mW 


Type 








0.0002 




10 dynes/cm 2 


1 dyne/cm 2 


10. dynes/cm 2 


dyne/cm 2 




dbm 


db 


db 


db 


Carbon (S.B.) 


-19 


-47 


-27 


-113 


Moving coil 


—45 to —66 


—73 to —94 


-53 to -74 


-139 to -160 


Pressure ribbon 


-57 to -61 


-85 to -89 


-65 to -69 


-151 to -155 


Velocity ribbon 


-54 to -63 


-82 to -91 


-62 to -71 


-148 to -157 



(ii) Carbon microphones 

An example of the single button type is the modern telephone inset, which gives 
an output of about 1 mW with close speaking. The frequency response is seriously 
peaked, while non-linear distortion and noise level are very high. 

The double button (push-pull) type has a wider frequency range (70 to 7000 c/s 
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in one example), and the second harmonic distortion is considerably less, but the 
output is about 10 db lower than that of the single button type. 

Carbon microphones require a source of low voltage to pass a current of from 10 
to 50 mA through each button. When the circuit is broken by a switch there is a 
tendency for the carbon granules to cohere — -this may be reduced by connecting two 
condensers and three inductors as shown in Fig. 18.1. 

All carbon microphones have a tendency to blasting, while their other defects in- 
cluding high noise level limit their application. The principal advantage is the high 
output level. 

References A5, A21, A23, Dl, D3, D4, D7, D13, D14. 

(iii) Condenser microphones 

A condenser microphone consists of a stretched diaphragm and a back plate, with 
a polarizing voltage between them. Owing to the high impedance, the pre-amplifier 
must be mounted very close to the microphone. A possible circuit arrangement is 
shown in Fig. 18.2. The response may be made almost flat from 30 to 10 000 c/s 
with an incident angle of 90° — on the axis there is a high frequency peak of about 8 
db as with all pressure microphones. The average response is about — 60 dbv across 
the microphone itself (0 db = 1 volt per dyne/cm 2 ). 

References A5, A7, A23, Dl, D3, D4, D7, Dll, D13, D14. 

The high frequency peak which occurs with microphones of standard size may be 
reduced by making the diaphragm smaller. A miniature condenser microphone with 
a diaphragm having the area of a human ear drum has been introduced with non- 
directional pickup characteristics (Refs. A18, A26). The output level from the pre- 
amplifier is — 50 dbm in a sound field of 10 dynes/cm 2 . 

(iv) Crystal and ceramic microphones 

Crystal microphones are of two types, directly-actuated and diaphragm types. 
Directly-actuated (sound-cell) microphones, as a class, have lower sensitivity but 
flatter frequency characteristics and they are almost non-directional. Uniform re- 
sponse up to 17 000 c/s can be obtained. There is a resonance at the high frequency 
limit causing a rise of response (+ 12 db in a typical case) — this should be equalized 
or else high frequency attenuation provided. 

The frequency response of diaphragm type crystal microphones is less uniform 
than with the sound-cell type, and varies from 80 to 6000 c/s for speech only (with a 
pronounced peak in the 3500 c/s region) and from 50 to 10 000 c/s (± 5 db) for 
improved fidelity. The diaphragm type is more directional at high frequencies 
than the sound-cell type. There are also cardioid directional crystal microphones — 
see (xi) below. 




OUTPUT jc 




FiS. 18.3 



D^^ 




Fig. 18.1. Circuit diagram of double button carbon microphone with filter (optional) 
to reduce cohering (L = 0.0014 H,C = 0.02 nF> E = 4.5 to 6 V). 
Fig. 18.2. Circuit diagram of condenser microphone. 
Fig. 18.3. Circuit diagram of crystal microphone. 

All crystal microphones using Rochelle salt or similar materials tend to be affected 
by excessive humidity and temperatures above 125 °F. Most of the crystals are now 
coated to provide considerable protection against humidity, although their use under 
tropical conditions appears to be risky. 

A crystal microphone is effectively a capacitance, of the order of 0.03 ixF for a dia- 
phragm type or 0,0004 to 0.015 ^F for a sound-cell type. This is effectively in series 
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with the generated voltage and following grid resistor. The following grid resistor* 
(R in Fig. 18.3) should be from 3 to 5 megohms for a sound cell type, or 1 to 5 megohms 
for a diaphragm type. A low resistance causes attenuation of low frequencies. 

A long connecting cable will result in loss of output voltage, but will not affect the 
frequency response. The loss is given by 

db loss = 20 log [1 + (L x C L )/C M ] 
where L = length of cable in feet 

C L = capacitance of cable in microfarads per foot 
and C M = capacitance of microphone in microfarads. 

A few crystal microphones are equipped with step-down transformers for use in 
low impedance circuits. 

Ceramic piezo-electric microphones have advantages over crystal types as regards 
high temperature and humidity. These have substantially similar performance to 
that of crystal microphones. One model has a nearly flat response from 30 to 10 000 
c/s with an output level of — 62 dbv (0 db = 1 V per dyne/cm 2 ). 

References to crystal and ceramic microphones : A5, A21, A23, Dl, D3, D4, D7, 
D13, D14. 

(v) Moving coil (dynamic) microphones 

A dynamic microphone is, in essence, a small version of a dynamic loudspeaker, 
and some are even used in a dual capacity. It is pressure-operated and there is the 
usual tendency towards a rise in the high-frequency response for sound waves im- 
pinging directly on the diaphragm. It may be mounted vertically to make the micro- 
phone non-directional for horizontal sound waves, but this causes some attenuation 
of the higher frequencies. 

In its simplest form the level frequency range is limited but in the more elaborate 
types it may extend from 60 to 10 000 c/s. It is a general-purpose good-quality 
microphone widely used for public-address and indoor and outdoor broadcasts. 

References A5, A21, A23, A32, Dl, D3, D4, D7, Dll, D13, D14. 

(vi) Pressure ribbon microphones 

The pressure ribbon microphone has a ribbon, suspended in a magnetic field, that 
is exposed on one side and terminated in an acoustical resistance on the other. It is 
non-directional but has the characteristic, in common with all pressure types, of a 
high frequency response that is a function of the direction of the incident sound. The 
distortion may be around 2% or 3% at low frequencies and 100 dynes/cm 2 . 

This construction is generally combined with a manual control of the size of an 
aperture on the enclosed side which gives control of the directional characteristics 
(e.g. R.C.A. 77-D). 

A small unobtrusive pressure type ribbon microphone has been produced (R.C.A. 
BK-4A) which employs a small angle horn coupled to a cylindrical tube which in turn 
is coupled to the front of the ribbon by means of a round-to-rectangular connector 
of constant cross-section. The back of the ribbon is coupled to the damped folded 
pipe or labyrinth by means of a rectangular-to-round connector. This is non-direc- 
tional, has a frequency response from 70 to 15 000 c/s and an effective output level of 
- 61 dbm (sound pressure 10 dynes/cm 2 ). (Refs. A25, A21, D3.) 

(vii) Velocity ribbon microphones 

This is a free ribbon type in which the ribbon resonance is usually below the audible 
limit. With good design it is capable of a very wide frequency response (e.g. 30 to 
15 000 c/s for response ± 5 db), while over the most useful part of the range the varia- 
tions of level are very slight and gradual. It is strongly bi-directional. This is un- 
doubtedly the best type of microphone for high fidelity, particularly for transients, 
but it is not suitable for general use outdoors. The distortion in one case is less than 
0.33% at 80 c/s and 1000 dynes/cm. When a velocity microphone is placed very 

*For mairimnm values of grid resistance see Sect. 2(vi). 
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close to the source of sound, the low frequencies are strongly accentuated. For this 
reason, a good, quiet studio and correct placement of speakers at a reasonable distance 
is necessary if a normal velocity microphone is used for speech. The bi-directional 
characteristic is useful where there are two speakers, or two groups, arranged on op- 
posite sides of the microphone. 

One model incorporates a switch and compensating reactor to reduce the accentua- 
tion of low frequencies with close speaking (R.C.A. KB-2C, Ref. A27). 

A modified form incorporates a large amount of acoustical resistance to give a nearly 
flat response at all frequencies when speaking very close to the microphone (1 to 6 
inches away), and noise cancellation for sounds originating at a distance. This is 
particularly suitable for outdoor public address (R.C.A. KB-3A, Ref. A28). 

References A5, A21, A23, A27, A28, Dl, D3, D4, D7, Dll, D13, D14. 

(viii) Throat microphones 

A throat microphone is one which is actuated by direct contact of the diaphragm 
with the throat. The high frequency response must be accentuated to obtain in- 
telligible speech. Both carbon and magnetic types have been used (Refs. A19, D3). 

(ix) Lapel microphones 

Normal types of carbon, crystal, dynamic and velocity microphones have been used 
for this application (Refs. A21, D3). 

(x) Lip microphones 

The velocity ribbon microphone has been used for this application (Ref. A5). 

(xi) The directional characteristics of microphones 

Pressure microphones are non-directional (Curve A Fig. 18.4) for low frequencies 
but at high frequencies the response is a function of the angle of sound incidence — 
this effect becomes smaller as the diaphragm diameter is reduced. 

Velocity ribbon microphones are bi- 
directional (Curve B) and the sound 
source should be on one, other or both 
sides. 

There are various types of uni-direc- 
tional microphones, among which the 
cardioid (Curve C) is most popular. This 
characteristic may be achieved by a care- 
fully designed combination of a velocity 
and a pressure microphone. Similar char- 
acteristics may be achieved by the use of 
acoustical delay systems in combination 
with any pressure microphone such as 
dynamic or crystal. A reduction of re- 
sponse of about 15 db at the back of the 
microphone with respect to that at the 
front is obtainable with a typical cardioid 
microphone. A single-element ribbon 
type microphone has been developed which 
has a reduction of 20 to 25 db at the back 
of the microphone (Ref. A22). A com- 
plete survey of directional microphones is 
given by Olson (Refs. A17, D3). 

Polydirectional microphones provide a choice of two or three directional 
characteristics or a continuously variable characteristic. A typical example is the 
R.C.A. 77-D ribbon type. 

The correct use of directional characteristics in microphone placement minimizes 
room reflection and reduces acoustical feedback and background noise. 

References to directional microphones A17, A21, A23, D3, D13. 




Fig. 18.4. Polar diagrams showing 

directional characteristics of microphones 

(A) Non-directional ; (B) bi-directional ; 

(C) cardioid. 
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(xii) The equalization of microphones 

It is usual, both in broadcasting and recording, to provide frequency equalization 
in the microphone or in its pre-amplifier to give a flat or any other desired characteris- 
tic. In other applications it is advisable to equalize, or at least to attenuate any high 
peaks in the response characteristics, so as to reduce acoustical feedback and other bad 
effects. 

It is sometimes desirable to reduce the low-frequency response of a microphone 
(e.g. velocity type) to reduce the effects of accentuated low frequency response due to 
" close talking " or to reduce " building rumble." 

(xiii) Microphone transformers 

There is at present a very unhappy state due to the lack of accepted standards for 
microphone transformer output impedances. The American R.M.A. Standard for 
broadcasting is 150 ohms (Ref. A 16). See also (xiv) below. 

Most microphones are designed to work into an unloaded transformer. The best 
quality microphone transformers have special provision for reducing hum, such as 
outer steel shields, inner alloy shields and hum-bucking core construction. By this 
means it is possible to reduce hum to a level far below the level of random noise. 

(xiv) Standards for microphones 
(A) Microphones for sound equipment 

The following summary is based on R.M.A. Standard SE-105 (Ref, A20), 
A microphone is defined as an electro-acoustical transducer which converts 
acoustical energy into electrical energy, the waveform in this conversion remaining 
substantially unaltered. 
The field response of a microphone at a given frequency is defined by 
20 log 10 (E/p) 
where E is the open circuit voltage generated by the microphone at its accessible 
terminals and p is the undisturbed sound pressure in dynes/cm 2 at the specified 
frequency . . . . , the microphone being placed at a specified angle with respect to the 
wave front. 

The electrical impedance of a microphone at a given frequency is equal to the 
complex quotient at the specified frequency of the alternating voltage applied to the 
accessible terminals divided by the resulting alternating current when the microphone 
is placed in a free air field .... It shall be expressed in terms of its magnitude and 
phase angle and plotted as a function of frequency. 

The nominal microphone impedance is the electrical impedance at 1000 c/s. 
The nominal impedance of low-impedance microphones shall lie between 120 and 
180 ohms, or between 19 and 75 ohms. The nominal impedance of high impedance 
magnetic microphones shall lie between 20 000 and 80 000 ohms. The nominal 
impedance of any other microphone shall be specified. 

The microphone system rating G M (sensitivity) is described in Chapter 19 
Sect. l(iv)D. 

The microphone rating impedance (R MS ) is a pure resistance to be taken from 
the table below 

Magnitude of nominal microphone impedance Rating impedance 

19 to 75 ohms 38 ohms 

75 to 300 ohms 150 ohms 

300 to 1 200 ohms 600 ohms 

1 200 to 4 800 ohms 2 400 ohms 

4 800 to 20 000 ohms 9 600 ohms 

20 000 to 80 000 ohms 40 000 ohms 

80 000 ohms or more ohms 100 000 ohms 

The directional pattern of a microphone at a specified frequency is the variation 
in the field response at that frequency for different angles of sound incidence measured 
from a specified zero position. Zero position refers to that microphone orientation 
in which the direction of the wave propagation lies along the axis of normal usage .... 
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This pattern shall be plotted in the form of a polar diagram as a function of the angle 
of incidence. The electrical output at any one angle, E„ , shall be referred to the output 

at the zero position, E , by the relation 20 log 10 (E„ /E ). 

The directional characteristic of a bi-directional microphone shall be at least 

— 20 db for all frequencies of a specified frequency range for sounds arriving from 
any point in a plane perpendicular to the axis of normal usage. For a uni-directional 
microphone the angle of minimum response .... shall be on an average of at least 

— 10 db, the average to be based on minimum values for a number of frequency bands. 
Standards for microphones : Refs. A8, A15, A16, A20. 

(B) Microphones for radio broadcasting 

Extract from R.M.A. Standard TR-105-B (Ref. A16). The nominal impedance 
of all microphones intended for broadcasting service shall be 150 ohms ±10% when 
measured at a single frequency of 1000 c/s ± 10%. 



SECTION 2 : PRE-AMPLIFIERS 

(i) Introduction (it) Noise (in) Hum (iv) Microphony (v) Valves for use in 
pre-amplifiers (w) Microphone pre-amplifiers (vii) Pickup pre-amplifiers (viii) 
Gain-controlled pre-amplifiers (ix) Standard pre-amplifiers for broadcasting (x) 
Standard pre-amplifiers for sound equipment. 

(i) Introduction 

A pre-amplifier is a voltage amplifier suitable for operation with a low level input 
and whose output is intended to be connected to another amplifier operating at a 
higher input level. Pre-amplifiers are commonly used with low-level microphones 
and pickups. When a pre-amplifier has to feed the a-f amplifier in a typical radio 
receiver, the output voltage is usually taken for design purposes as 1 volt r.m.s. across 
a high impedance. This allows for a volume control between the pre-amplifier and 
the main amplifier. In some cases it is necessary to incorporate the volume control 
in the pre-amplifier itself in order to avoid overloading with abnormally high input 
levels. In such cases this volume control is usually placed between the first and 
second stages of the pre-amplifier — with very high input levels it may be necessary 
to incorporate either a volume control or a fixed attenuator prior to the first grid. 

A pre-amplifier follows the same general principles of design as any other voltage 
amplifier (see Chapter 12) except that particular attention has to be paid to hum, noise 
and microphony, all of which tend to be troublesome. 

(ii) Noise 

(A) The characteristics of random noise 

Random noise includes both thermal agitation noise and valve noise. The 

energy of such noise is distributed uniformly over the frequency spectrum. - The 
distribution of amplitude with time has been covered in Ref. Bl — occasional peaks 
exceed four times the r.m.s. value. 

Random noise voltages must be added in quadrature — that is to say as the root of 
the sum of the squares. 

(B) Circuit noise 

The thermal agitation noise of resistors has been covered in Chapter 4 Sect. 
9(i)l and in Chapter 23 Sect. 6. 

When two or more resistances are in parallel, the total thermal agitation noise is 
that corresponding to the resultant resistance. For example, if a microphone having 
a d.c. resistance of 30 ohms is loaded by a resistance of 100 ohms, the noise voltage 
is that corresponding to 23 ohms. 

When a resistance R is shunted by a capacitance C, the thermal agitation voltage 
is decreased, and at 30 °C (80 °F) is given by 
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e = 1.29 x lO-VKFottan-W^o) - tan-W^a)] (1) 

where R = resistance in ohms 
C = capacitance in farads 
F = l/(2nRC) 
Fi = upper frequency limit 
and F 2 = lower frequency limit. 
(See Reference B19, also B8 giving chart and B45 giving theory). 

In any network comprising L, C and R it is only the resistive elements which gener- 
ate noise voltages. 

References to circuit noise : A23, B8, B13, B28, B40, B44, B45, B51, Dl, D2, D9, 
D12. 

(C) Valve noise 

Valve noise has been covered in a general way in Chapter 23 Sect. 6. In this 
chapter we are only concerned with its effects in pre-amplifiers. 

It is convenient to express the shot-effect noise of a triode in terms of an equiva- 
lent noise resistance (R e „) at room temperature, connected from grid to cathode 
in a noiseless valve. The value of R e<1 for triodes is given approximately by 

R e<1 ^ 2.5/g m (2) 

where R eQ — equivalent noise resistance in ohms 
and g m = mutual conductance in mhos at operating point. 

Pentodes produce additional noise due to the random partition of the cathode 
current between screen and plate, known as partition noise. In general, the noise 
energy from a pentode will be from 3 to 5 times as great as that from a triode producing 
the same amplification. 

There are other, but minor, sources of noise in valves. The flicker effect produces 
low frequency variations, while any gas in the valve causes ionization noise. 

References to valve noise : B2, B7, B13, B17, B40, B44, B51, Dl, D2, D9. 

(D) Methods used in the design of amplifiers to ensure low noise level 

Noise in low level amplifiers is due to three principal causes — noise in the plate load 
resistor of the first stage, valve noise, and noise in the grid (input) circuit. If the 
stage gain is of the order of 20 or more, the effect of noise in the following stage may 
usually be neglected. Obviously any unnecessary loss of signal voltage through any 
form of attenuator between the signal source and the grid should be avoided. 

Noise in the plate load resistor (current noise) may be avoided by using some 
form of special low-noise resistor, such as a high-stability cracked carbon resistor 
described in Chapter 4 Sect. 9(i)m. The plate supply voltage may be from 100 to 
180 volts — if, as is usual, a higher supply voltage is available, it is merely necessary 
to incorporate a RC filter to drop the voltage and by-pass any noise and hum com- 
ponents. Such components are frequendy required for decoupling in any case. 
Composition resistors may be used as screen resistors with pentode valves, because 
the noise voltage is by-passed to earth. Current noise, however, occurs in the grid 
circuit due to the negative grid current of the valve. Cathode bias resistors (if used) 
should be wire wound. 

Valve noise may be made low, if necessary, by the use of a r.e.c. triode valve in 
the first stage. The equivalent resistance for shot-effect valve noise is inversely 
proportional to the mutual conductance (see eqn. 2) so that a high mutual conductance 
at the operating point is desirable if reduction pf shot-effect noise is the principal 
object. Triodes in common use have published values of mutual conductance from 
1000 to 5000 /xmhos giving calculated values of noise resistance from 2500 to 500 ohms 
respectively under published conditions. The noise resistance of a resistance loaded 
valve is greater than that for the same valve under published conditions. For example 
type 6J5 operating with a plate current of 1 mA has g m = 560/xmhos and a calculated 
noise resistance of 4500 ohms, which is about 4 times the value under published con- 
ditions. 

The calculated values of noise resistance for three typical r.c. pentodes are given 
below : 
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Operating conditions : E bb = 180 volts; R L = 0,1 megohm. 
Type 6J7 or 1620 6SJ7 6AU6 

g m (working)* 1000 1200 1700 /imhos 

Noise resistance 8000 6000 2000 ohms 

♦Actually the slope of the dynamic characteristic. 

There are two other possible sources of valve noise. Leakage in the valve from 
the grid to any other electrode, and particularly to any positive potential electrode, 
is a possible source of valve noise. Reverse grid current is another source of valve 
noise. It is advisable to use valves which have been tested and selected both for low 
leakage and reverse grid current, if a very low valve noise level is desired. Under all 
circumstances the d.c. resistance from grid to cathode should be as low as possible, 
and no composition resistors should be used in the grid circuit. 

If the input source, whether microphone or pickup, is of low impedance and is 
coupled to the grid by means of a step-up transformer, it is usually not necessary 
to design for minimum valve noise. It is then only necessary to design the input 
circuit so that the impedance of the microphone reflected on to the grid is at least 
twice, and preferably four times, the valve noise resistance. With a low impedance 
microphone and transformer this may readily be accomplished by selecting a trans- 
former secondary impedance of the order of 25 000 or 40 000 ohms. Valve noise will 
then have a negligibly small effect on the total noise, and pentodes or high-mu triodes 
may be used satisfactorily. 

It is usual to employ as high a ratio in the microphone transformer as is possible, 
consistent with the frequency response required — very high step-up ratios can be 
used where the frequency response is not very important. Even in " high fidelity " 
applications (with a frequency range from 30 to 15 000 c/s) by using nickel-alloy 
cores, it is practicable to obtain a reflected secondary impedance up to 100 000 ohms, 
although somewhat lower values are more common. 

For the measurement of noise in amplifiers see page 829. 

(iii) Hum 

The general features of power supply hum filtering and neutralization have been 
covered in Chapter 31 Sections 4 and 5. Hum due to conditions widiin the valves 
and hum due to circuit design and layout have been covered in Chapter 31 Sect. 4. 
Hum in voltage amplifiers has been covered in Chapter 12 Sect. 10(vi). 

In pre-amplifiers the permissible hum voltage on the grid of the first valve depends 
on the maximum signal level at this point. If a high ratio transformer is used, with 
a reflected secondary resistance of 25 000 ohms or more, the signal level will be high 
and an extremely low hum level will not be necessary. On the other hand, if a low 
level pickup is coupled directly to the grid circuit without a step-up transformer, 
extreme care and ingenuity will be required to make the hum inaudible. 

Some of the precautions which may be necessary in certain cases to reduce hum to 
a sufficiently low level are given below — 

1. Complete electrostatic shielding of first pre-amplifier valve and associated 
components and wiring. The grid and plate circuits should be separately screened, 
so that there is negligible capacitive coupling between them — in the case of single- 
ended valves this requires care in wiring and either a shield or its equivalent between 
grid and plate. 

2. Electromagnetic and electrostatic shielding of microphone transformer (if any). 
The more elaborately screened microphone transformers may include two or three 
concentric magnetic shields of permalloy or equivalent, with copper shields between 
(Ref. D2). For the lowest hum levels, hum-bucking is sometimes also provided in 
the transformer. 

3. It is usual for the pre-amplifier to be built on a separate, preferably non-magnetic, 
chassis situated a considerable distance from the main amplifier chassis carrying the 
power transformer and filter chokes. If this is not possible, the power transformer 
should be designed to have low leakage flux and be mounted independently of the 
chassis, with the iaminations vertical, and all a-f transformers should either be avoided 
or elaborately screened. 
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4. If insufficiently screened a-f transformers are used in the pre-amplifier, they 
should be oriented experimentally to the position giving least hum pickup. 

5. With very low level pre-amplifiers it sometimes happens that less hum is ob- 
tained with a direct earth connection to a metal stake in damp soil than to a water pipe. 

6. The leads from the power transformer to the valve heaters should be twisted, 
mounted as far as possible from all hum-sensitive components and wiring, and covered 
with earthed metal braid (for details see Ref. B42). 

7. The loop formed by the valve, grid connection, input source and return lead 
to cathode should include as small an area as possible. Single-ended valves are pre- 
ferable to double-ended types in this respect. 

8. Metal valves are less sensitive to magnetic fields than glass types — they may 
sometimes be used with advantage if magnetic fields are unavoidable (Ref. B42). 

9. If glass valves are used in a magnetic field they should be mounted so as to pro- 
duce the minimum hum. This occurs when the flux vector is perpendicular to the 
valve axis and normal to the plane of the grid side rods. The ratio of maximum to 
minimum hum voltage is of the order of 30 to 40 db. Similar results occur with metal 
valves but the ratio is only from 10 to 20 db. Glass types may be fitted with a metal 
shield if desired (Ref. B42). 

10. The waveform of the heater current should be closely sine wave, to eliminate 
capacitance coupling effects with harmonic frequencies. 

11. A low leakage socket (e.g. isolantite or polystyrene) may be used to reduce 
leakage. With single-ended valves, leakage causing hum may occur from the heater 
pins to the grid or to the plate — the latter is normally the more serious because the 
grid pin is protected from hum leakage by adjacent pins. With double-ended valves 
the only possible socket leakage is from the heater pins to the plate. Valves with 
synthetic resin bases may have appreciable base leakage — for this reason, valves of 
the all-glass type (e.g. miniature) are preferable to those with separate bases. 

One way of avoiding this trouble is to use a pentode valve with the plate, or plate 
and suppressor, earthed or returned to the cathode. The screen then is used as the 
anode, and the valve is thus effectively a triode with approximately the same charac- 
teristics as with the screen connected to the plate. The screen dissipation should be 
checked to see that it does not exceed the maximum, but it may be reduced, if neces- 
sary, by increasing the grid bias. See (v) below for application to type 6AU6. 

12. A low resistance potentiometer may be connected across the heater supply, 
with the moving arm earthed — this may be adjusted for minimum hum. In some 
cases less hum may be obtained with the moving arm returned to a point of positive 
(or sometimes negative) voltage of the order of 5 to 50 volts (see Fig. 17.19A). Mini- 
mum hum may be obtained by optimum adjustment of both potentiometer and volt- 
age. 

13. A low resistance potentiometer may be used to inject heater voltage in anti- 
phase to the hum at some convenient point such as the suppressor of a pentode valve. 
In this case a single heater winding is satisfactory with one potentiometer as in (12) 
above, together with one anti-phase control for each low level stage (Ref. B26). 

14. In very low level stages the heaters are sometimes supplied with direct current. 
However, with good design (including the use of a high step-up ratio transformer) 
it is possible to achieve, with a.c. heating, a hum level which is entirely inaudible with 
a frequency range up to 15 000 c/s. Thus a d.c. heater is not really necessary, but 
rather an alternative method of achieving a similar result. If the frequency band of 
the amplifier is 5000 c/s or less, the hum usually dominates the noise, even with the 
best design — in such a case d.c. heater supply may be desirable. 

There are many possible methods of providing the d.c. supply for the heaters, in- 
cluding 

(a) Connecting the heaters of the low level valves in series at the low voltage end of 
the plate supply, with a shunt — if necessary — across either the heaters or the 
plate circuit. This method is most convenient when a heavy plate current is 
drawn by the amplifier, so that no power is wasted by a shunt across the plate 
circuit (e.g. Fig. 17.35A). It has the disadvantage that the heater current of the 
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low-level valves is dependent upon the total plate current of the amplifier, 
which is liable to vary. Ref. B52. 

(b) The heaters may be connected in series, and supplied from a separate full-wave 
rectifier and filter, using a thermionic or selenium rectifier — alternatively a 
selenium bridge circuit may be used. Refs. B25, B52. 

(c) The heaters may be connected in parallel, and supplied from a selenium or other 
suitable rectifier, using either a full-wave or bridge circuit. Refs. B25, B52. 

All methods employing rectified and filtered heater supply have a ripple component 
which may be large enough to cause audible hum. 

15. A r-f oscillator with a frequency of 30 or 40 Kc/s may be used as an alternative 
to d.c. heater supply (Ref. B25). 

16. If a.c. is supplied to the heater of the first stage, the voltage of this stage alone 
may be decreased to about 70% to 85% of normal. This is only permissible with a 
limited number of valve types and even so may require selection of valves. .A cathode 
current well under 1 mA is essential (Ref. B20). 

17. The cathodes of all pre-amplifier valves should preferably be earthed directly 
to the chassis. However, in practice this is sometimes inconvenient and it may be 
found that a minimum capacitance of 100 pF shunted across the bias resistor from 
cathode to chassis is satisfactory. High resistance grid-leak bias has not been found 
satisfactory for low level operation. 

18. An electrostatic shield in the power transformer is essential, even where the 
transformer concerned supplies only heaters. 

19. The pre-amplifier valves may be de-magnetized in a decreasing a.c. field. This 
is only useful when the valves have become magnetized by some means. 

20. Magnetic shielding of power leads and all conductors carrying a.c. may be ac- 
complished by the use of an iron pipe, flexible conductor or — most effective — a per- 
malloy wrap similar to that used for continuous loading of submarine cable (Ref. B51). 
Additional notes on hum with pentode valves 

1. Hum due to lack of sufficient filtering in the plate supply may be neutralized by 
some suitable form of neutralizing circuit (e.g. Fig. 12.57). 

2. The hum voltage caused by a magnetic field decreases more rapidly than the 
gain as the load resistance is decreased. A low load resistance is therefore desirable 
if there is a strong magnetic field (Ref. B42). 

3. Hum caused by heater-to-plate leakage is also reduced more rapidly than the 
gain as the load resistance is decreased. 

4. In pentode valves operating with low input levels there is a further source of 
hum in that the magnetic field of the heater varies the partition of current between 
plate and screen and so introduces hum. This hum is worse with remote cut-off 
valves than with those having sharp cut-off characteristics. This, form of hum may 
be made zero by a suitable adjustment of grid or screen voltage (Ref. B46). See also 
Refs. B23 (Jan. 1949) and B50. 

(iv) Microphony 

There are very large variations between valves with regard to microphony, and 
special low-level types are recommended. Individual selection is, however, desirable 
in addition if the valves are required to operate at very low levels. In all cases some 
improvement may be made by a cushion socket and a thick rubber pad around the 
valve. 

(v) Valves for use in pre-amplifiers 

It is generally desirable to use valve types manufactured and tested for low level 
operation (e.g. types 12AY7, 1620 and 5879) but even with any one of these types 
there are large variations in hum, noise and microphony. If a particular pre-amplifier 
is required to meet stringent test conditions it is advisable to select valves to meet its 
requirements, and to use the balance of the valves in other less-stringent pre-amplifiers, 
or in later sockets of the same pre-amplifier. 

A choice is possible in the American ran°e between n entode tv">es 1620 and 5879. 
The former is very much more expensive than the latter, and its use can generally 
be avoided by careful design. 



18.2 (v) VALVES FOR USE IN PRE-AMPLIFIERS 787 

If the designer decides to use ordinary radio valves for the first stage in a pre- 
amplifier, it is advisable to test and select the valves in accordance with the following 
procedure. A sufficient number of valves should be operated for about 48 hours 
under the same electrode voltages as in the pre-amplifier. They should then be 
tested for reverse grid current, and only those with reverse grid currents less than 0.1 
pA should be used in very critical positions. If a sensitive microammeter is not 
available, a 1.0 megohm grid resistor may be cut in and out of circuit and the change 
in plate current measured — see Chapter 3 Sect. 3(iv)A. Low reverse grid current 
not only reduces the noise, but also permits a higher grid resistor to be used. The 
valves with low reverse grid currents should then be tested in the first socket of the 
pre-amplifier for noise, hum and microphony. 

Some single-ended pentodes have one heater pin adjacent to the plate, and very 
high leakage resistance is required to avoid hum (except when this heater pin 
is earthed). 

Type 6AU6 may be used as a triode with earthed plate and suppressor, using the 
screen as the anode, to reduce hum from leakage between heater and plate. 

This device is only suitable for the first stage in the pre-amplifier owing to the 
limited screen dissipation rating (0.65 watt). The following operating conditions 
are suggested with a plate supply voltage of 180 volts (Ref. B48) : 



Load resistance 


0.05 


0.1 


0.25 megohm 


Cathode bias resistance 


450 


750 


1600 ohms 


Plate current 


2.4 


1.3 


0.59 mA 


Stage gain* 


21 


23 


21 



*With following grid resistor 0.5 megohm. 

Characteristics of some special iow-noise valve types 

Type 5879 is a 9-pin miniature low-noise pentode with published g m = 1000 /umhos 
at a plate current of 1.8 mA. The grid resistor (pentode or triode operation) may 
be up to 2.2 megohms under maximum rated conditions, while the voltage gain with 
180 volts supply is 87 with R L = 0.22 megohm and following grid resistor 0.47 meg- 
ohm. As a pentode, the noise referred to No. 1 grid with a bandwidth of 13 000 c/s 
is of the order of 7.2 /*V with grid resistor* 0.1 megohm, with only 10% exceeding 
16 /iV. It may also be used as a triode having \i = 2\,g m = 1530 jumhos and I b = 
5.5 mA at E b = 250, E c = — 8 volts. As a triode, the noise under the same con- 
ditions as for the pentode is of the order of 6 pV with only 10% exceeding 12 pV. 

Conditions : Triode operation Hum 

1. One side of heater earthed, cathode by-passed (40 f*F), zero grid 
resistance — median value 9 /uV 

2. One side of heater earthed, cathode unbypassed, zero grid resistance 

— median value 100 juV 

3. One side of heater earthed, cathode by-passed (40 ^.F), grid resistor 

0.1 vaQ — median value 13 jaV 

4. Centre-tapped resistance across heater supply, returned to fixed bias 
point (+ 20 to +50 volts) will reduce hum on most valves to less 

than 20 /xV 

5. Centre-tapped resistance across heater supply, returned to voltage 
to give minimum hum, cathode by-passed (40 pF), grid resistor 0.1 
megohm — median value 3.5 /aV 

— less than 10% exceeding 8 /uV 

When adjusted for minimum hum, this feeds a small hum bucking signal into the 
grid to oppose other minor sources of hum in the amplifier (Ref. B16). 

Type 12AY7 is a low noise twin triode (Ref. B17) with \l = 40, g m = 1750 /tmhos 
and I b = 3 mA at E b = 250, E c = — 4 volts. The following tests were made with 
a grid resistor 0.1 megohm and plate load resistor 20 000 ohms. Shot-effect noise 
(40 to 13 000 c/s) referred to the grid — -median valve 4.7 /A 7 , maximum limit 8 /aV. 

*The noise due to the grid resistor alone is about 3.8 fW. 
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Hum referred to the grid — median valve 3.9 /*V, maximum limit 12 fiV with cathode 
resistor by-passed (40 ^F). 

When used in a typical circuit, placed with the electron stream in a magnetic field* 
of 1 gauss, the hum voltage on the grid is about 10 /iV. 

With a grid resistor of 30 000 ohms, approximately 4 /*V of hum per volt of heater 
potential per fifiF of capacitance between heater circuit and grid circuit will appear 
at the grid. If the heater voltage is 6.3, this will give approximately 25 /xV per mj-F 
of coupling. For applications see Figs. 18.7A, 18.7B. 

(vi) Microphone pre-amplifiers 

The limit on practicable amplification is placed by the noise level caused by the 
thermal agitation noise in the grid circuit of the first stage together with some valve 
noise. The thermal agitation noise alone is at a level of about — 129 dbm with a 
matched load (Ref. B28), or — 132 dbm without loading, for a bandwidth of 15 000 
c/s. If the effective microphone level is taken as — 60 dbm, with an unloaded micro- 
phone the maximum possible signal-to-noise ratio will be 72 db, or 69 db with a 
loaded microphone. In practice with multiple mixers and other contributing factorsf, 
a broadcast station overall noise can be considered satisfactory if within 10 db of the 
thermal noise. 

If the valve noise is at least 3 db below the thermal agitation noise, it may be ne- 
glected as an approximation since the resultant is given by the root of the sum of the 
squares, and the additional noise will be less than 1 db. This may be put in the alter- 
native form, that the equivalent valve noise resistance should be less than half the 
effective thermal agitation noise resistance. 

In the case of crystal microphones the whole of the microphone noise arises from 
the grid resistor, but the signal-to-noise ratio is worst for values of about 0.1 megohm, 
and improves as the grid resistor is made smaller or larger than this value. For low 
noise the resistor should be at least 5 megohms, but better signal-to-noise ratio is 
obtained with 50 megohms and even better with no grid resistor at all (Ref. B19). 

However, for ordinary applications, a resistance of 5 megohms is a good compro- 
mise, giving a noise voltage of about 4 /xV or — 108 dbv (0 db = IV). The noise 
resistance of a triode or pentode valve is negligibly small in comparison. This 
permits a signal-to-noise ratio of at least 60 db with all diaphragm types and the more 
sensitive sound cell types. With the less sensitive sound cell types a very high grid 
resistance may be necessary. 

Values of grid resistor greater than 1 megohm may only be used satisfactorily in 
low-level pre-amplifiers where the valve is one specially manufactured or tested for 
this class of service, under a specification which ensures that the reverse grid current 
is very low. With a maximum reverse grid current of 0.2 pA and with ju. not greater 
than 40, a grid resistor up to 5 megohms may be used provided that the plate load 
resistor is not less than 0.05 megohm from a plate supply of 150 volts, or proportion- 
ately higher than 0.05 megohm for voltages greater than 150 volts. 

Hum from the plate supply may be made as small as desired by filtering, neutraliz- 
ing, and possibly the use of a triode in the first stage. Hum from other sources, 
including a.c. heaters, may be made completely inaudible in wide frequency range 
amplifiers (up to 15 000 c/s) by careful design, using some of the methods in (iii) above. 

Pre-amplifiers for use with crystal microphones 

The pre-amplifiers described below (A, B and C) have an output level of about 1 
volt r.m.s. and are suitable for use with a diaphragm type crystal microphone. 

(A) Single stage pentode pre-amplifier (Fig. 18.5) 

This is the simplest possible pre-amplifier, with a voltage gain of 118 (41 dbvgj). 
The input voltage to provide the specified output level is — 41 dbv (0 db = I V). 
It may therefore be used with an average diaphragm-type crystal microphone with a 



'riux densities from 1 to 3 gauss are found quite frequently as iar as / mcncs irom a typical radio 
power transformer. 

fThe effective noise bandwidth of a studio amplifier is usually wider than 15 Kc/s, 
J dbvg= decibels of voltage gain — See Chapter 19 Sect. l(ii). 
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Cr,..al 



Microphone 



50.000& 
v\WM3 B+ !80to250V 




Fig. 18.5. Single stage 

pentode pre-amplifier for 

use with diaphragm-type 

crystal microphone. 



sound pressure of 10 dynes/cm 2 , allowing a margin of 5 db for attenuation by the 
volume controls. 

This is reasonably satisfactory for simple public address systems, home recording 
and amateur transmitters, although the margin of gain is small. It may also be used 
to feed the pickup terminals of any normal radio receiver. 

Higher gain (45 dbvg*) may be obtained by the use of a selected type 6AU6 with 
R L = 0.22 megohm, R 2 = 0.43 megohm and R k = 1700 ohms. Under these con- 
ditions VC 2 may be adjusted to give about 10 db attenuation, VC-^ set to provide the 
desired output level under average conditions, and VC 2 then used as the control — 
this will prevent overloading of the valve. 

The recommended maximum value of VCi is 1 megohm. Higher values may be 
used without damage to the valve, on account of the plate and screen resistors, but the 
operating point may be seriously shifted by reverse grid current, leading to distortion 
and loss of gain. Normally VC 1 would be set at maximum, and only reduced for 
very close working. 

This arrangement has many limitations, and the noise level is high, but it is good 
enough for the simplest and cheapest applications mentioned above. 

(B) Single stage pentode pre-amplifier followed by cathode follower (Fig. 
18.6) 
This circuit has the advantage over Fig. 18.5 that the pre-amplifier may be some 
distance from the main amplifier, the two being linked by a low impedance line, 
and that low impedance mixing may readily be applied. The gain and performance 
are very similar to those of Fig. 18.5 except that the second volume control would 
normally be incorporated in the low impedance line (reflected impedance about 400 
ohms). 



Fig. 18.6. Single stage 
pentode pre-amplifier fol- 
lowed by cathode follower, 
for use with diaphragm-type 
crystal microphone. 
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This circuit has the disadvantage that the cathode follower stage may give rise to 
audible hum. It should therefore be restricted to use with a sensitive type of crystal 
microphone or to applications where a low hum level is not essential. 

(C) A preferred arrangement is a good transformer in the cathode circuit of the 6J5, 
stepping down from 20 000 ohms primary impedance to any desired line impedance. 

(D) Cathode follower as low-noise input stage 

Fig. 18.6A shows the conventional cathode follower, and Fig. 18.6B shows the modi- 
fied circuit for use as a low-noise input stage in connection with crystal microphones 
*dbvg = decibels of voltage gain— see Chapter 19 Sect. l(ii). 
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or pickups. It has been shown (Ref. B53) that the modified circuit will have the 
same stability as the conventional circuit if R t = (1 + G)R 1} where G is the voltage 
gain of the valve defined as the ratio of the voltage across R s to that across R t . If 
Z L is high, as it will be if coupled to another valve grid, then G will be approximately 
constant and a real number. In a properly designed circuit R 4 can be made con- 
siderably higher than R u 




-OB + 



OB- 




OB + 



FIG. 18.6 A 



FIG. IB. 6B 



Fig. 18.6A. Conventional cathode follower circuit. 
Fig. 18.6B. Modified cathode follower for use as low-noise input stage with crystal 
microphone or pickup. (Ref. B53). 

The circuit of Fig. 18.6B shows an improvement in signal to noise ratio compared 
with that from the conventional circuit, the ratio being \/(R i/RJ for thermal noise 
produced by R x and R 4 . For noise generated in R 2 and R 3) noise from the power 
supply, valve noise and hum and microphony voltages other than those due to capacit- 
ance coupling or resistance leakage into the grid circuit, the noise ratio is 



R, 



Z s + R 1 



^1 %a + -^4 

When Z, is large compared with R u this represents an improvement by a factor 
RJRi. When Z, = Ri the ratio is 1/2 or 6 db. When Z, = jR x it is approximately 
1/V2 or 3 db. When Z, is small the ratio is negligible. 

Thus if Z, is a crystal microphone or pickup, its impedance will rise as the frequency 
is reduced, and in the conventional circuit this causes an increase in noise level at 
low frequencies. The modified circuit shows a distinct improvement under these 
conditions. 

Great care should be taken with the insulation of the grid circuit. 

Pre-amplifiers for use with low-impedance microphones 

In broadcast stations it is usual to have a gain of about 30 or 40 db in the pre- 
amplifier, and for this to be followed by mixing (with a Joss of about 18 db for four or 




18.7 



6-3 V.A.C. 



Fig . 18.7. Two stage broadcast station microphone pre-amplifier with gain of 29 db. 
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five channels) and by a second amplifier with a gain of about 40 db followed by a 
master gain control with a minimum loss of 6 db and a third amplifier with a gain of 
40 or 50 db with an output level of + 18 dbm. The total gain is sufficient for full 
output to be obtained with the lowest possible input level (say — 70 to — 80 dbm). 
The minimum signal-to-noise ratio is usually 60 db at — 60 dbm (alternatively 65 db 
at — 50 dbm). 

A pre-amplifier gain of 40 db may result in over-loading of the pre-amplifier and 
distortion if used with very high microphone input levels — a device may be incorpor- 
ated to give an optional attenuation of 10 db in the pre-amplifier and thus reduce its 
total gain to 30 db when there is danger of overloading. 

A typical microphone pre-amplifier with a gain of 29 db is shown in Fig. 18.7. Both 
valves are connected as triodes, the first stage using the screen as the anode, and the 
gain without feedback is 47 db. When operated with an input level of — 60 dbm, 
the signal to noise ratio is 62 db. The maximum power output is 10 mW ( + 10 dbm) 
at which the distortion is less than 1 % — for this level to be reached, the input level 
must be — 29 dbm. The frequency response is from 30 to 10 000 c/s with less than 
0.5 db variation. This circuit may possibly be criticised on two points. The plate 
load resistor for the first stage could be reduced to 50 000 ohms without any appreci- 
able loss of gain, and the balance 
of the voltage could be absorbed 
by a separate resistor, duly by- 
passed. This would reduce the 
noise from the plate load resistor. 
Secondly the choice of valve type 
is not the most generally satis- 
factory for the first stage of a low 
level pre-amplifier. Type 5879 
or 1620 could be used to advan- 
tage in the first stage. 




i 1,000*1 ^25 t .F | l,000fl| ;L 25H F i 
~ FIG. 18. 7 A 

Fig. 18.7A. Two-stage pre-amplifier 
using twin triode type Y1AY1 (Ref. £17). 



A two-stage pre-amplifier using type 12AY7 twin triode is shown in Fig. 18.7A. 
This has a total gain of 50 db, and the average noise and hum level referred to the input 
grid is 11 juV(Ref. B17). 

A balanced pre-amplifier employing cross-neutralization and negative feedback is 
shown in Fig. 18.7B, using a.c. on the heaters. The frequency response is fiat from 




, 2,0000. 

-4-fww~ 



Reiitttrs 1/2 Watt Unless Specified 



80pFT 



OB+ 250V.D.C. 



FIG. 18.7 B 



Fie 18 7B Three-stage balanced cross-neutralized pre-amplifier using two 12AY7 
■ ' valves and YIAU1 (Ref. 517). 
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30 to 20 000 c/s, the average noise is 87 db down from the + 24 dbm level and the 
distortion is 0.55% at 24 dbm output. The combined hum and noise voltages are 
only 7.6 db above the theoretical value on the poorest valves, and only 2.2 db on the 
average (Ref. B17). 

The essential amplifying and attenuating circuits of the four pre-amplifiers and one 
" A " amplifier of a single unit equipment for studio use are shown in Fig. 18.7C. 
Each pre-amplifier has a 3-position key. In the pre-amplifiers, type 6AU6 is used as 
a triode with earthed plate and suppressor, and negative feedback is applied from 
plate circuit to grid. Each pre-amplifier has a separate attenuator normally " hold- 
ing " 6 db. The " A " amplifier uses type 6AU6 as a high gain pentode followed by 
the master gain control normally " holding " 20 db. 

The " B " amplifier of the same equipment is shown in Fig. 18.7D, and has negative 
feedback from the secondary of the output transformer to the cathode of V 6 . 

With all controls set at maximum, an input of — 86 dbm gives an output of + 8 
dbm. The distortion is less than 1% at 18 dbm output. The noise level through 
any one channel is 60 db or more below output level with input — 60 dbm, output 
+ 8 dbm. 

A pre-amplifier circuit used by the B.B.C. is described in Ref. B41. A special 
low-noise microphone amplifier for acoustical measurements is described in Ref. B54. 

A pre-amplifier for the Western Electric type 640AA condenser microphone, using 
subminiature valves, is described in Ref. B43. Extremely high insulation resistance 
is required in the network between the microphone and the first grid, particularly 
in the coupling capacitor. 
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FIG. I8.7C 



Fig. 18.7C. Essential amplifying and attenuating circuits of pre-amplifiers and " A 
amplifier of single unit equipment for studio use (Ref. BIS). See also Fig. 18.7D. 
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References to microphone pre-amplifiers : A16, A24, B19, B28, B41, B43, B48, 
B53, B54. 




FIG. 18.70 

Fig. 18.7D. " B " amplifier of same equipment as Fig. 18.7C (Ref. BIB). 



(vii) Pickup pre-amplifiers 

This subject has been covered in Chapter 17 Sect. 5. 

(viii) Gain-controlled pre-amplifiers 

This subject has been covered in Chapter 16 Sect. 5. 

(iz) Standard pre-amplifiers for broadcasting 

(Extracts from R.M.A. Standard TR-105-B, Ref. A16.) 

Standard input signal is 2.45 millivolts r.m.s. in series with 150 ohms (for pur- 
poses of calculating insertion gain this corresponds to an input level of — 50 dbm). 

Standard output level for feeding telephone lines is + 18 dbm ; for feeding 
radio transmitters is + 12 dbm. The equivalent " complex wave " level is 10 db 
lower than these sine wave equivalent testing level values (i.e. + 8 vu and + 2 vu 
respectively) to provide a margin of 10 db for peaks. 

Source and load impedances — 600/150 ohms. 

Frequency range and harmonic distortion — see Ref. A16. 

Signal to noise ratio (noise below standard output) — minimum 65 db (50-15 000 

c/s). 

(x) Standard pre-amplifiers for sound equipment 

(Extracts from R.M.A. Standard SE-101-A, Ref. A30.) 

To operate from a source impedance of 150 ohms and into a load impedance of 
600 and/or 150 ohms. 

Noise level — for measurement see Chapter 19 Sect. 6. 

Amplifier gain is defined as the ratio, expressed in db, of the power delivered to 
the load to the power which would be delivered to the same load if the amplifier were 
replaced by an ideal transformer which matches both the load and source impedances. 
Frequency response, distortion and power output — see Ref. A30. 
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SECTION 3 : ATTENUATORS AND MIXERS 

(*") Potentiometer type attenuators {volume controls) (») Single section attenuators — 
constant impedance (Hi) Single section attenuators — -constant impedance in one direc- 
tion only (iv) Multiple section attenuators (v) Electronic attenuators (vi) Mixers 
and faders — general (vii) Non-constant impedance mixers and faders (viii) Con- 
stant impedance mixers and faders. 

An attenuator is a resistance network used for the purpose of reducing voltage, 
current or power in controlled (and usually known) amounts. An attenuating net- 
work is sometimes called a " pad." 

In this section only a brief outline is given of the most popular audio frequency 
applications of attenuators. Additional information is available from the references. 

(i) Potentiometer type attenuators (volume controls) 

The continuously variable volume control is widely used in radio receivers and a-f 
amplifiers (Fig. 18.8). The voltage ratio is proportional to the resistance ratio only 
when the load across the output terminals is very much greater than R. Characteris- 
tics commonly used include linear and several types of logarithmic characteristics 
of resistance versus angular rotation — see Chapter 38 Sect. 3(viii). The input loading 
is constant (R) only when the output load resistance is infinite. When the output 
terminals are connected to the grid of a valve which does not draw grid current, the 
input capacitance together with strays will bring about some change in frequency 
characteristics as the setting is varied. Direct current through R and through the 
moving contact should be avoided if a composition type resistor is used, to avoid noise. 



-osrcpo 



fig . ie.e 





Fig. 18.8. Con- 
tinuously variable 
volume control fig. '8.9 

(potentiometer). pig, 18.9. Step-type 

volume control. 

The step-type volume control (Fig. 18.9) has some advantages over the continuously 
variable type— it is more reliable, has lower noise as the contact is being moved, and 
the degree of attenuation is definitely known. In all the best designs, wire-wound 
resistors are used. It is usually designed with logarithmic characteristics so that there 
is a constant step (in decibels) between successive tapping points, e.g. 2 db. The 
method of calculating R , R^ etc. is given below. 

Let R = total resistance of attenuator (Fig. 18.9) 

N — voltage ratio corresponding to the decibel step between successive 
tapping points (N less than unity) 
and M = (1 - N). 
Then R = MR ; R x =■■■ MNR ; R 2 = MN*R etc. 

R n = MN n R ; R f = R - R - R t - R 2 . . . - R n . 
As a practical case take R = 100 000 ohms with 2 db steps. 

Then N = 0.794 and M = 1 - 0.794 = 0.206. By simple calculation R = 20 600 ; 
Rl = 16 340 j R 2 = 12 980 ; R 3 = 10 300 ; R t = 8 190 ; R 6 = 6 500 j R 6 = 5 170 ; 
R, = 4 100 ; .R 8 = 3 260 ; R a = 2 590 and R 10 = 10 000 ohms (all values correct to 
three significant figures). 

Slide rule or logarithm accuracy is sufficient for most purposes ; for greater accuracy 
see Ref. C9. 
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(ii) Single section attenuators — constant impedance 

It is assumed that it is required to maintain constant input and output impedances 
(Z), that the attenuator is terminated at both ends with resistive impedances Z, and 
that all impedances are purely resistive. The T type section in Fig. 18:10 may be 
designed to provide any desired attenuation. 

Let K = Ei/E , this being the voltage or current ratio corresponding to the 
desired attenuation in db (K being greater than unity). 



Then R ± = z \K~Tl) and R * = K* - 1 



(1) 



It is possible to select any desired values of attenuation in a single T section by 
varying the values of the three resistors by means of a tapping switch. Values of 
Ri and R 2 are given in Table 1 on page 796. 

The 77 type section in Fig. 18.11 is equivalent to the T type section in Fig. 18.10 
provided that the values of the resistances are given by 

R > = z (^ Li ) «* R * = Z (f^i) (2 > 

Values of R s and 72 4 are given in Table 1 on page 796. For formulae giving trans- 
formations from T to 77 or from 77 to T forms see Ref. C12. 

Both T and 77 sections may be arranged in a ." balanced " form for use with an 
earthed centre-tap — in this case the series resistors R x and R 3 are divided into two 
halves, one on each side of the centre (for table of formulae see Ref. D6). They may 
also be designed to match unequal source and load impedances (see Refs. C7, C12, 
D6, Dll). 

For the derivation of the equations above, see Ref. C13. 

If the output impedance is increased beyond the design value, the input impedance 
will be increased (although to a less extent) and the attenuation will be reduced — 
see Refs. C6, C12, D6. 

There are many other forms of constant impedance attenuators, but none does more 
than the T or 77 section — they may be preferred for practical reasons in cer t a in 
applications. See Refs. C12, D6, D8, Dll. 

(iii) Single section attenuators— constant impedance in one direction 
only 

The L section of Fig. 18.12 may be used when it is not necessary for the looking- 
backwards output impedance of the attenuator to be constant. In this case 

fl 5 = Z(K - 1)/K and 72 8 = Z/(K - 1) (3) 

For further information see Refs. C12, D2. 

The values of R B and R 6 have been tabulated for steps from 1 to 10 db (Table 1 
on page 796). 




Fig. 18.10. Constant im- Fig, 18.11. Constant im- Fig. 18. 12. The L 
pedance T section at- pedance 77 section at- type single section 
tenuator. tenuator. attenuator. 

The values of resistances given in Table 1 are for Z = 100 ohms. For any other 
value of Z, the tabulated values of resistances should be multiplied by (Z/100). See 
Figs. 18.10, 18.11 and 18.12. 
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TABLE 1 (SINGLE T, 77 AND L SECTIONS) 







T section 


n 


section 


L i 


section 


db 


K 


R x R 2 


R* 


R* 


R* 


R* 


1 


1.122 


5.76 866 


11.6 


1740 


10.9 


819 


2 


1.259 


11.46 430 


23.2 


874 


20.6 


386 


3 


1.413 


17.10 284 


35.2 


585 


29.3 


242 


4 


1.585 


22.6 210 


47.6 


443 


36.9 


171 


5 


1.778 


28.0 164 


61.0 


357 


43.8 


129 


6 


1.995 


33.2 134 


74.6 


302 


49.9 


100.5 


7 


2.239 


38.2 112 


89.3 


262 


55.4 


80.7 


8 


2.512 


43.1 94.6 


106 


232 


60.2 


66.1 


9 


2.818 


47.6 81.2 


123 


210 


64.5 


55.0 


10 


3.162 


51.9 70.3 


142 


193 


68.4 


46.2 



The following references will be found helpful in supplying further general in- 
formation on attenuators : 

Periodicals C6, C12 (the most comprehensive of ail), Ci3, C17 (the basic treatment). 
Books D2, D6, D8, Dll (brief treatments are given in several other books). 

(iv) Multiple section attenuators 

Any convenient number of 77 sections may be connected in tandem) and the effec- 
tive resultant is the " ladder " attenuator of Fig. 18.13, in which the two parallel re- 
sistors at the end of each section and the commencement of the next are drawn as a 
single equivalent resistor (RJ2). The values of R s and i? 4 are calculated as for a 
single 77 section (eqn. 2 and Table 1) to provide the desired attenuation per stage. 
The value of R 8 is given by i? 4 Z/(R t + Z). The minimum attenuation is 3.5 db 
on tapping point P x . The input impedance varies considerably as the tapping point 
is changed but may be made constant, if desired, by inserting resistors at the points 
marked X. The output impedance also varies, although less so than the input im- 
pedance. This device may also be used when the impedance of the source differs 
from Z. 





Fig. 18.13. Ladder attenuator 
(77 section). 



Fig. 18.14. 



Modified form of ladder 
attenuator. 



A modified form of ladder attenuator is shown in Fig. 18.14 which has a mirlifnufn 
attenuation of 6 db but whose input impedance is nearly constant except for high 
values of attenuation and whose output impedance is nearly constant except for low 
values of attenuation. This can only be used when the impedance of the source is 
equal to Z. The values of R z , R A and R s are the same as in Fig. 18.13. This is the 
commonest type for broadcast station " mixer " control equipment. 

A form of ladder attenuator suitable for connecting a low impedance line to a high 
impedance grid circuit is shown in Fig. 18.15. This is built up from three L sections 
and the input impedance is equal to Z under all conditions but the output impedance 
varies (this being unimportant). The values of i? B and R 9 are given by eqn. (3) and 
Table 1, while 7? 7 is given by ZRJ(Z + i? 4 ). As an example take Z = 600 ohms 
and 2 db steps. Then the voltage ratio corresponding to 2 db is K = 1.259. From 
eqn. (3) 

R 5 = 600 x 0.259/1.259 = 123.6 ohms 
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FIG. I8.IS 




Fig. 18.15. Ladder attenuator for connection to 
high impedance grid circuit (L section). 



R e = 600/0.259 = 231.6 ohms 
while R 7 = 600 x 231.6/831.6 = 167 ohms. 

References to multiple section attenuators : Cll, G12 (Part 6) ; C14, D2, D6, Dll. 
References to non-uniform sectionsj Cll, C14. 

A multiple T section attenuator is shown in Fig. 18.16. This has the advantage 
of no loss in the zero attenuation position, and is suitable for use in positions where 
no power loss is permissible, such as an attenuator on a tweeter loudspeaker. The 
values of resistors for 1 db steps for Z = 100 ohms are tabulated below — for any other 
impedance multiply the resistances by (Z/100). 



Loss 


Series arm 


Shunt arm 


Loss 


Series arm 


Shunt arm 


(db) 


(each) 




(db) 


(each) 




1 


5.8 ohms 


867 ohms 


6 


33.2 ohms 


134 ohms 


2 


11.4 


430 


7 


38.2 


112 


3 


17 1 


284 


g 


43.0 


94.5 


4 


22.6 


209 


9 


47.6 


81.3 


5 


28.0 


164 


10 


52.0 


70.2 



(v) Electronic attenuators 

For some purposes an electronic attenuator may be advantageous, and one practic- 
able circuit is a cathode follower in which the screen voltage may be varied, while in 
addition the desired value of cathode resistor may be selected by means of a tapping 
switch (Fig. 18.17). Any sharp cut-off pentode valve is suitable, but one with high 
mutual conductance will limit the maximum attenuation. A valve with g m = 2000 
jumhos has an attenuation range from 4 to 74 db with values of cathode resistors from 
1000 ohms to 0.1 ohm; this may be extended by about 10 or 20 db by screen voltage 





Fig. 18.16. Multiple T section 
attenuator. 



Fig. 18.17. Electronic attenuator 
using cathode follower (Ref. C15). 



adjustment provided that the input level is not too high. Fixed grid bias must be 
used. A universal design curve is given in Fig. 18.18 (Ref. C15). 

A circuit using type 6BE6 as a fader-mixer is shown in Fig. 18.18A. This has a 
voltage gain of 62 from grid 1 input, and 25 from grid 3 input. The distortion for 
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fig. le.ia 
Fig. 18.18. Universal design curve for electronic attenuator {Ref. C15). 

an output of 5 volts is 0.19% with input to grid 1, and 1.4% with input to grid 3. A 
plate load resistor of 50 000 ohms gives lower gain and distortion. For electronic 
gain control purposes, it is advisable to apply the signal to grid 3 and the control 
voltage to grid 1 (Ref. C20). 




Input Input 



FIG. I8.I8A 



Fig. 18.18A. Fader-mixer 

circuit using type 6BE6 

(Ref. C20). 



(vi) Mixers and faders — general 

When more than one input source is employed, some form of control is necessary 
to enable the operator to change from one to the other, or to mix the outputs of two 
or more sources. A properly designed mixer and fader system enables these objects 
to be achieved without perceptible jumps. 

Mixers (as the complete system will here be called) may be divided into high im- 
pedance and low impedance ; constant impedance and non-constant. In addition 
there are those that have sources at approximately the same level and those with 
sources having a considerable difference in level. To achieve correct functioning 
of mixers, it is necessary to provide for the control of the level of individual input 
sources. Any frequency equalization of input sources is applied prior to the mixer. 

(vii) Non-constant impedance mixers and faders 

These are commonly used in public address systems, amateur transmitters and other 
applications which do not require precise adjustment to a predetermined level. The 
controls are of the continuously variable potentiometer type, and the mixing is usually 
carried out between a pre-amplifier and a subsequent amplifying stage — under these 
conditions there is no necessity for maintaining either constant input or output im- 
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pedance. In some cases the mixing is carried out between the input sources and the 
grid of the first amplifier stage, and here the load impedance presented to each source 
must be maintained constant. 

The simplest type of fader*, which does not provide mixing, is shown in Fig. 18.19. 
It is only suitable for high level pickups, or the secondaries of step-up transformers, 
since the noise from the moving contact is appreciable. The control is a centre- 
tapped potentiometer with a total resistance 2R. The value of R should be that 
recommended for each pickup. 

Fig. 18.20 shows a series network mixer which may be used as a fader, but it has 
serious drawbacks. Both sides of input source A are above earth, and any hum picked 
up in this channel is fed without appreciable attenuation to the following grid. More- 
over stray capacitances to earth of channel A tend to by-pass the high frequency signal 
voltages of channel B. This arrangement is not recommended. 

A modified series network mixer is shown in Fig. 18.21 in which one side of each 
channel may be earthed, but a transformer must be used to couple the outputs to the 
grid. This may be used for fading and mixing. 




V+ 



Fig. 18.19. Simple type 
of fader for two pickups. 




Fig. 18.20. Series 
network mixer, 




Fig. 18.21. Modified 
series network mixer. 



The parallel network mixer is shown in Fig. 18.22 where three input sources are 
provided for, although any number may be used. The value of R 4 may be made equal 
to or greater than jR 1} and similarly with the other channels. If the mixer is con- 
nected between two amplifying stages, all resistances may be equal (say 0.5 megohm) 
and the maximum insertion loss will be 6 db for 2 channels, 9.5 db for 3 channels or 
12 db for 4 channels. The insertion loss varies when the controls are moved — the 
maximum variation in insertion loss caused by any one potentiometer is 2.5 db for 
two channels but less for more channels. This interaction is less if the source im- 
pedance is considerably smaller than the resistances in the mixer, so that triode valves 
are preferable to pentodes in the preceding stage. 

The circuit of Fig. 18.22 may also be used when the sources 
are microphones or pickups, but R ls R 2 and R 3 should be the 
correct load resistance in each case. The isolating resistors 
i? 4 , R 5 and R 9 may be made equal to the highest of the load re- 
sistances. This arrangement is only practicable with fairly 
high source levels, on account of the insertion loss and its 
\ . r, s ^ effect on the signal-to-noise ratio. 
c e*w <J > I One application of the parallel network mixer is 

3 R * |^ given in Fig. 18.23 — this general set-up may be modified to 

^ suit any practical case when there is a considerable difference 

in level between the two sources. 

Probably the most popular of all mixing circuits in this 
class is the method using a common plate load for two or more 
valves. When two valves are used with a common 

•The word " fader " is here used in the sense of fading out one input source and fading in another. 
The fading of a single source is here called attenuation. Mixing is the combination of two (or more) 
sources so that both are amplified simultaneously ; a mixer may however be used also for fading. 



Fig. 18.22. Parallel 
network mixer. 
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Fig. 18.23. Complete pre-amplifier in- 
corporating parallel network mixer, for 
use with high level crystal microphone 



and crystal pickup. R x 
R 2 = 05MQ or higher, 
is 30 dbvg. 



-- 1 to 5MQ i 
Gain in V x 



plate load resistor, the plate resistance of each valve acts as a shunt load on the other, 
thereby reducing the gain and the output voltage for a limited distortion. With 
triodes, the gain is equal to the normal gain for a single valve multiplied by 
(j-j, + Rj)/(r P + 2R L ). If R L is considerably greater than r p , the gain is slightly 
greater than half that for a normal valve. With pentodes, the loss of gain due to shunt- 
ing is slight, and may be neglected in most calculations. The effect of the shunting 
on the maximum output voltage is much more severe than on the gain. The output 
voltage for limited distortion is approximately equal to the normal output voltage 
multiplied by r 9 /(r p + R L ). If R L = 5r„ as for a typical triode, then the output 
voltage is reduced to one fifth of its normal value. For this reason it is suggested that 
R L = 2r p would be more suitable, giving a reduction to one third of the normal value. 
Here again, the effect on pentodes is small. 

One simple but very effective mixer incorporating 
common plate load mixing is Fig. 18.24. Vx may be any 
twin triode, R L may be determined as outlined above, 
while the plate supply voltage may be about 250 volts, 
or higher if a high output voltage is required with low 
distortion. If desired, a second twin triode with a 
further two input channels can be added. Alternatively, 
two r-f pentodes may be used in place of V x to provide 
increased gain. Various combinations may be devised 
incorporating one or more common plate load mixers 
with other types of mixers or faders to meet almost any 
possible requirements. Fig. 18.25 is one example— 
Vx and V 2 may be any suitable twin triodes, R x pro- 




FIC IS. 24 

18.24. Simple 



Fig. 

mixer using twin triode 
with common plate load 
resistor. 
vides fading for the two microphones and i? 2 is a combined microphone volume control, 
R t and R s provide fading and mixing for the pickups while R a is a master volume con- 
trol. V 2 has a common plate load resistor. 

One of the problems with mixers of the common plate load type is the control of 
volume without introducing noise or circuit complications. This problem may be 
overcome by the use of 6L7 type valves in which the amplification is controlled by 
varying the voltage on the third grid (Fig. 18.26). This mixer is intended for use 

•OSjjF 




Fig. 18.25. 



Mixer for two microphones and two pickups. 
V, = V« = 6SN7-GT. 



Values of resistors are for 
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FIG. 18.26 

Fig. 18.26. Three channel mixer with electrmic volume control {Ref. C4). 

with three high-level crystal microphones ; the volume controls operate on d.c. and 
may therefore be placed some distance from the mixer (Ref. C4). 
References to non-constant impedance mixers : C3, C4, D10. 

(viii) Constant impedance mixers and faders 

Constant impedance* attenuators may be used to provide both attenuation and 
mixing, and are widely used in studio equipment. In such equipment they usually 
work out of and into 600 (sometimes 500) or 150 (sometimes 200) ohm circuits. 

The constant impedance attenuators may be of the T, bridged T, 17, ladder, bridge, 
or any other form, together with their balanced equivalents. They may be arranged 
in parallel, series, series-parallel or bridge circuits. 




Fig. 18.27. Constant impedance 
mixer using three T type attenua- 
tors in parallel. 



(A) Parallel type mixers 

Fig. 18.27 shows a three channel mixer using T type attenuators in parallel — the 
same principle may be applied for any number of channels. Since the attenuators 
are of the constant impedance type with input and output impedances R, and the 
mixer output is loaded by the same impedance R, in this case R x = R 2 = %R and the 
mixing loss is 9.5 db. In the general case 

R x = R 2 = R(n — l)/(n + 1) fctid Mixing loss = 20 log 10 « 
where n is the number of channels. Values are tabulated below : 
n = 2 3 4 5 



6 

(5/7)2* 

15.56 db. 



Rj_ =-. R 2 = (1/3)1? IR (3/5)1? (2/3)2? 

Mixing loss 6.02 9.54 12.04 14.0 

An alternative form omits R 2 and thereby obtains lower mixing losses, but the out- 
put impedance of the mixer and hence the input impedance of the master attenuator 
will be R L instead of R u the values being given below : 

* Constant impedance indicates that both the input impedance and the loo king-backwards output 
resistance are maintained constant under all conditions. 
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R t = R(n - l)/» 



R T - 


= 2?(2w 


— 


D/» 2 


n 




= 


2 


R^ 




= 


0.502? 


Rl 




= 


0.75/? 


Mixing loss 


= 


4.77 



10 log 10 (2« - 1) 



5 
0.802? 
0.362? 
9.54 



6 
0.832? 
0.312? 
10.41 db. 



2? 2 = 

Mixing loss 

3 4 

0.672? 0.752? 

0.562? 0.442? 

6.99 8.45 

If it is desired to maintain all input and output impedances constant and equal to 
2?, it will be necessary to insert a matching 

transformer or to add a matching pad, the *-»- -j*-» "^ »* fig.is.2» 

latter introducing loss. c* 

(B) Series type mixers 

Fig. 18.28 shows a three channel mixer 
using T type attenuators in series. Only 
one of the channels can be earthed, so that 
there tends to be some cross-talk although 
this may be kept low by good design. The 
output impedance at terminals D is given 
by R D where R D = Rn 2 /(2n - 1), and the 
mixing loss up to terminals D is 10 log 10 
(2n — 1), where n is the number of channels. Values are tabulated below : 
n =23456 

2? 3 = 2.00 1.50 1.33 1.25 1.20 

R D = 1.33 1.80 "2.29 2.78 3.27 

Mixing loss = 4.77 6.99 8.45 9.54 10.41 db. 

If this mixer is followed by a transformer there is no further loss, but if it is followed 
by a taper pad as in Fig. 18.28 there must be added the loss in the taper pad, the value 
of which is given by 

N = 20 log 10 (Rz + VRz* - 1) decibels 
where Rz z = impedance ratio (greater than unity) 
= « 2 /(2n - 1). 

3 4 

1.80 2.29 

6.99 8.45 




Fig. 18.28. Constant impedance mixer 
using three T type attenuators in series. 



5 
2.78 
9.54 



6 

3.27 

10.41 



db. 



n =2 

impedance ratio = 1.33 
loss in pad (N) = 4.77 

(C) Series-parallel type mixers 

Fig. 18.29 shows a four channel mixer using T type attenuators in series-parallel. 
The input and output are both balanced. The values of 2? 4 and 2? are given by 

2? 4 = R(n - 3)/n and 2? = 42?(2n - 3)/n* 
where n is the total number of input channels. 

If n =4 6 8 

then 2? 4 = 0.252? 0.52? 0.6252? 

2? = 1.252? 2? 0.752? 

and loss in mixer = 7.0 9.5 11.1 db. 

With six channels, the output resistance is equal to 2? and the taper pad will not be 
required. In other cases its loss should be added to that in the mixer. 

(D) Bridge type mixers 

Fig. 18.30 shows a bridge type mixer with four input channels. This can only be 
earthed at one point, but is otherwise satisfactory for four input sources. The output 
resistance is equal to 2?, so that no taper pad or matching transformer is required — 
the mixing loss is 6 db, which is less than that of any other 4 channel resistance mixer. 

(E) Coil mixing (Ref. C18) 

Coil mixing refers to the use of a special transformer (Fig. 18.31). The loss is the 
theoretical minimum and is given by 10 iogio « where n is the number of input sources 
— it is 6 db when n = 4. The value of 2? s is given by 

2? 6 = \R(n - 1) 
and is equal to 2? when « = 4. The secondary transformer impedance is equal to nR. 
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FIG. 18.29 




Fig. 18.29. Constant 

impedance mixer using 

four T type attenuators 

in series-parallel. 



•4^-tapeb pad-*] 



Coil mixing appears to be very little used. 
(F) Choice of mixer circuit 

The parallel circuit has the very important advantage that one terminal of all (un- 
balanced) attenuators can be earthed. Other circuits in which one or more attenuators 
are above earth nearly always suffer from cross-talk and variation of frequency response 
at high attenuations. There are thus two features on which the choice of a mixer 
circuit must be based — the earthing of all attenuators, and minimum mixing loss. 
Many engineers insist on the earthing even at the expense of increased mixing loss in 
some cases. 



Fig. 18.30. Constant 
impedance mixer using 
four T type attenuators 
in bridge connection. 
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The following comments are based solely on minim um mixing loss, and are there- 
fore to be applied with discretion — 

1. When the impedance of the input circuit is required to be higher th a n that of 
the output circuit, a parallel mixer should be used. 

2. When the impedance of the output circuit is required to be higher than that of 
the input circuit, a series or coil type mixer should be used. 

3. When the input and output circuits are required to be nearly the same im- 
pedance, a series-parallel or bridge type mixer should be used. 

References to constant impedance mixers : 
CI, C2, C3, C12 (parts 7 and 8), C16, C18, D10, 
Dll. ' 

(G) Precautions with studio type mixing 

systems r ' 

Under any possible operating conditions, the 
level at any stage should be kept at least 6 db and 
preferably 10 db above the critical pre-amphfier 
level of — 60 vu. " 

With mixer controls turned right off, and a 
normal level applied to each input in turn, the a 
ratio of " leakage " at 10 000 c/s to normal pro- 
gramme level should be better than 70 db. 

Cross-talk between two different circuits may 
be reduced by using twisted leads for all speech pj gm 18.31. Constant impedance 
circuits with an electrostatic screen around each mixer using coil mixing with 
pair. four input sources. 




OUTPUT 
nR-#- -»-nS 
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Where there are long circuits between pre-amplifier outputs and mixer outputs, 
it is usually considered wise to use balanced transformer inputs to avoid the possi- 
bility of cross-talk or noise affecting the programme. 
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(*) Power relationships expressed in bels and decibels (u) Voltage and current re- 
lationships expressed in decibels (iii) Absolute power and voltage expressed in decibels 
(iv) Microphone output expressed in decibels (v) Pickup output expressed in decibels 
(vi) Amplifier gain expressed in decibels (vii) Combined microphone and amplifier 
gain expressed in decibels (viii) Loudspeaker output expressed in decibels (ix) Sound 
system rating (x) Tables and charts of decibel relationships (xi) Nomogram for 
adding decibel-expressed quantities (xii) Decibels, slide rules and mental arithmetic. 

(i) Power relationships expressed in bels and decibels 

If a sound is suddenly increased in magnitude, the listener receives an impression 
of increased loudness which is roughly proportional to the logarithm of the ratio of 
the two acoustical powers. In mathematical form 

loudness oc log (P 2 /Pi) (1) 

This is quite general, and holds for a decrease in power as well as for an increase in 
power. Now the ultimate effect of any change of electrical power in a 
transmitter, receiver or amplifier is to produce a change of acoustical power from the 
loudspeaker, so that it is convenient to adopt a logarithmic basis for indicating a change 
of electrical power. 

The common logarithm of the ratio of two powers gives their relationship in bels — 
N b = log 1 ,(P,/P 1 ) (2) 

where P x is the reference power 
and P 2 is the power which is referred back to P x . 

The more commonly used unit is the decibel, which is one tenth of a bel. Thus, 
the difference in level between P t watts and P 2 watts is given by 

N db = 10 log 10 (P 2 /Pi) decibels (3) 

If P.. is less than P x the value ofN db becomes negative. A negative value ofN db 
thus indicates that the power in which we are interested is less than the reference power. 

Note that these relationships (1, 2 and 3) are independent of any other conditions 
such as impedance. 

Applications and examples 

Suppose for example that a power valve driving a loudspeaker is delivering 1 watt 
which is then increased to 2 watts. To say that the power has " increased by one 
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watt " is misleading unless it is also stated that the original level was 1 watt. A far 
more satisfactory way is to state that a rise of 3 db has occurred. This may be cal- 
culated quite simply since the gain in decibels is 

10 log 10 (2/1) = 10 log 10 2 = 10 x 0.301 = 3.01 db 
or approximately 3 db. 

In a similar manner a decrease from 2 watts to 1 watt is a change of approximately 
- 3 db. 

It has been found that a change in level of 1 db is barely perceptible to the ear, 
while an increase of 2 db is only a slight apparent increment. For this reason variable 
attenuators are frequently calibrated in steps of 1 db or slightly less. In a similar 
manner an increase from 3 watts to 4.75 watts is only a slight audible increment, being 
an increase of 2 db. 

In order to simplify the understanding of barely perceptible changes the follow- 
ing table has been prepared, and it will be seen that a move from one column to the 
nearest on left or right is equivalent to a change of 2 db. In this table db is taken 
as 3 watts. 

db : -10 -8 -6 -4 -2 +2 +4 +6 +8 +10 +12 

watts: 0.30 0.47 0.75 1.2 1.9 3.0 4.75 7.5 12 19 30 47.5 

In addition to the application of decibels to indicate a change in level at one point, 
they may also be used to indicate a difference in level between two points such as the 
input and output tor mina I s of a device such as an amplifier or attenuator. For ex- 
ample, consider an amplifier having an input power of 0.006 watt and an output power 
of 6 watts. The power gain is 6/0.006 or 1000 times, and reference to the tables 
shows that this is equivalent to 30 db. The amplifier may therefore be described 
as having a gain of 30 db, this being irrespective of the input or output impedance. 

References 1, 8, 9, 16 (Chap. 32). 

(ii) Voltage and current relationships expressed in decibels 

Since P x = E 1 I 1 = E 1 i /R 1 = IfR^ 
and P % = E 2 I 2 = E 2 2 /R 2 = h 2 R 2 
where R x = resistance dissipating power P x 
and jR 2 = resistance dissipating power P 2 , 

it is obvious that the decibel relationship between E x and E 2 or between I x and l % must 
involve the resistance. 

If fix = R 2 = R, then PJP^ = E^/E^ = 7,7V and the difference in level is 
given by 

N db = 10 log 10 (£ 2 2 /^i 2 ) = 20 log 10 (E,/£0 decibels, (4) 

or N db = 10 log 10 (/ 2 V/i 2 ) = 20 log!o(/,/JO decibels, (5) 

provided that R remains constant. 

If R does not remain constant the difference of level is 
N db = 20 log 10 (£ 2 /£i) + 10 log 10 (R 1 /R 2 ) (6) 

or N db = 20 logio^/A) + 10 log 10 (^ 2 /i?i) (7) 

In the general case with an impedance Z = R + jX which is the same for both 
P x and P 2 , equations (4) and (5) also hold. 

When the two impedances are not identical, the difference in level in decibels is 
N db = 20 log 10 (£ 2 /£i) + 10 \og u (ZJZ 2 ) + 10 log^A^/^) (8) 

= 20 logM/h) + 10 log^ZJZ^ + 10 log 10 (Ay/fci) (9) 

where k t = power factor of Z x = R X IZ X = cos j> x 
and k 2 = power factor of Z 2 = R 2 /Z 2 — cos 4> 2 . 

References 7, 8, 9, 16 (Chap. 32). 

(iii) Absolute power and voltage expressed in decibels 
(A) Power 

Although the decibel is a unit based on the ratio between two powers, it may also 
be used as an indication of absolute power provided that the reference level (or " zero 
--vel") is known. There have been many so-called " standard" reference levels, 
including 1, 6, 10, 12.5 and 50 miUiwatts, but the 1 milliwatt reference level is very 
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widely used at the present time. As an example, a power of 1 watt may be described 
as 

30 db (reference level 1 mW) 
or 30 db (0 db = 1 mW). 
or 30 dbm*. 

The abbreviation db 6m is sometimes used to indicate a level in decibels with a 
6 milliwatt reference level. 

To convert from a reference level of 1 mW to 6 mW, add — 7.78 db. 

To convert from a reference level of 1 mW to 10 mW, add — 10.00 db. 

To convert from a reference level of 1 mW to 12.5 mW, add — 10.97 db. 

To convert from a reference level of 6 mW to 1 mW, add + 7.78 db. 

To convert from a reference level of 10 mW to 1 mW, add + 10.00 db. 

To convert from a reference level of 12.5 mW to 1 mW, add + 10.97 db. 

With any reference level, a power with a positive sign in front of the decibel value 
indicates that this is greater than the reference power, and is spoken of as so many 
" decibels up." A negative sign indicates less power than the reference power, and 
is spoken of as so many " decibels down." db indicates that the power is equal to 
the reference power. 

A statement of power expressed in decibels is meaningless unless the reference 
level is quoted. 

References 1, 5, 8, 9, 10. 

(B) Voltage 

A reference level of 1 volt has been standardized in connection with high impedance 
microphones. The abbreviation dbv has been standardized (Ref. 38) to indicate 
decibels referred to 1 volt. 

(iv) Microphone output expressed in decibels 

The output of a microphone may be expressed either in terms of voltage or power. 
(A) In terms of output voltage 

The response of a microphone at a given frequency may be stated in decibels with 
respect to a reference level db = 1 volt (open-circuit) with a sound pressure of 
1 dyne per square centimetre (Ref. 36). The abbreviation dbv is used to indicate a 
voltage expressed in decibels, with reference level 1 volt (Ref. 38). 

For example, the output of a microphone may be stated as — 74 dbv with a sound 
pressure of 1 dyne per square centimetre. This is the open-circuit voltage developed 
without any loading such as would be provided by the input resistance of the amplifier. 
Table 1 [Section l(x)] may be used to determine the corresponding open-circuit 
voltage, which for the example above is approximately 0.0002 volt r.m.s. (Column 1). 
If the input resistance of the amplifier is equal to the internal impedance of the micro- 
phone (here assumed to be resistive as the worst possible case) the voltage across the 
input terminals will be only half the generated voltage, giving a loss of 6 db or an 
effective input voltage of — 80 dbv. 



FIG. 1.9.1 
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Fig. 19.1. Amplifier zoith 
source of input voltage E 
having internal resistance R. 



In the general case, the input voltage to the amplifier will be (Fig 19.1) : 
E l = ERJ(R + RJ 
where E = open-circuit voltage developed by the microphone 

R t = input resistance of amplifier 
and R = internal resistance of microphone (here assumed purely resistive;. 

(B) In terms of output power 

Alternatively the output of a microphone may be given in terms of output power 
for a stated sound pres sure. ___ _ 

*dbm indicates a power expressed in decibels with a reference level 1 mW. 
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For example, the output of a microphone may be stated as — 65 dbm into a load 
of 150 ohms, with an input sound pressure of 1 dyne per square centimetre. From 
Table 3 — Sect. l(x) — the power is 3.2 x 10 -7 milliwatt. If desired this may be 
converted into voltage across 150 ohms. 

(C) In terms of effective output level 

When a microphone is connected to an unloaded input transformer, its output cannot 
be expressed in terms of power delivered, as no appreciable power is delivered by 
the microphone. For this reason, microphone output ratings are sometimes given 
in terms of effective output level, expressed in dbm. The effective output level is 
so calculated that when the amplifier power gain in db is added to the microphone 
effective output level in dbm the correct output level from the amplifier (in dbm) will 
be obtained. The effective output level rating is based upon the assumption that the 
microphone works into a load impedance equal to its own rated impedance. The 
voltage corresponding to this effective output level is actually 6 decibels below that 
which is actually obtained when the microphone is worked into a high impedance 
pre-amplifier input. This 6 db difference is a function of the pre-amplifier input 
termination and not of the microphone itself. The " power gain "* ratings of pre- 
amplifiers take into account this 6 db increase in gain where it occurs, so that it is not 
necessary to apply any coupling factor. 

If the effective output level of a microphone is not known, it may be derived from 
available data : 

(1) The output power may be converted to dbm, or 

(2) Where the microphone open-circuit voltage output is known in dbv (0 db = 1 
volt), this may be converted to volts (Eg) and the effective output level in milliwatts 

1000 Eg z /(4R M ) milliwatts 
where R M is the nominal microphone impedance. The power in milliwatts may then 
be converted into dbm. 

(D) R.M.A. microphone system rating (RMA Standard SE-105) 

This is particularly useful when it is desired to calculate the combined " system 
gain " of a microphone, amplifier and loudspeaker. The R.M.A. microphone system 
rating is defined as the ratio in db relative to 0.001 watt and 0.0002 dyne per square 
centimetre of the electric power available from the microphone to the square of the 
undisturbed sound field pressure in a plane progressive wave at the microphone 
position. 

The R.M.A. microphone system rating (Ref. 35) is given by 

10 lo gl o ^—^ ~ 44 db (10) 

which reduces for practical applications to 

G M =(20 log 10 (E-/p) - 10 log 10 R MR ) - 50 db (11) 

where G M = microphone system rating 

E = open-circuit voltage generated by the microphone 
p = sound pressure in dynes per sq. cm. 
R MR = microphone rating impedance — see Chapter 18 Sect, l(xiv). This 
may differ from the actual microphone impedance. 

The R.M.A. Microphone System Rating is essentially the same as expressing the 
microphone output in terms of Effective Output Level, except that the acoustical 
pressure at the microphone is 0.0002 dyne/cm 2 (the limit of audibility). To convert 
from R.M.A. Microphone System Rating to the Effective Output Level Rating, it is 
only necessary to allow for the change of acoustical pressure. For example, if a micro- 
phone has an R.M.A. Microphone System Rating of — 154 db, the Effective Output- 
Level Rating for an acoustical pressure of 10 dynes /cm 2 will be — 60 dbm, and for 
1 dyne/cm 2 will be — 80 dbm. 

* An amplifier is normally tested as described in Chapter 37 Sect. 3(ii)C with an input voltage from 
a generator applied through a constant impedance attenuator, which combination effectively applies a 
constant voltage through a resistance equal to the rated source impedance of the amplifier as in Fig. 19.3. 
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Microphone system ratings are most commonly used in a complete sound system — 
sound, microphone, amplifier, loudspeaker, sound — see (ix) below. 

See Chapter 18 Sect. 1 for the relationships between various forms of microphone 
ratings. 

(v) Pickup output expressed in decibels 

Although many pickups are rated on the basis of output voltage, some are rated on 
a power basis with respect to a specified reference level. The procedure is the same 
as for microphones. 

Reference 9. 

(vi) Amplifier gain expressed in decibels 

Much confusion has been caused by the incorrect or careless use of decibels to 
indicate the gain of a voltage amplifier. Decibels may be used in various ways to 
indicate the gain of an amplifier — 

(A) In terms of voltage gain (Fig. 19.4) 

This is really an arbitrary use of decibels, but it is so convenient that it cannot be 
suppressed. 

Gain in decibels of voltage gain = 20 log E 2 /E x (12) 

where E 2 = voltage across output terminals of voltage amplifier 
and E x = voltage across input terminals of amplifier. 

It is important to distinguish these decibels from decibels of power, which have 
an entirely different meaning. The abbreviation dbvg is suggested as indicating 
decibels of voltage gain. 

Some engineers express the gain of an amplifier in terms of voltage by taking E x 
(eqn. 12) as the open circuit generator voltage (E in Fig. 19.1). If the load resistance 
(i? x in Fig. 19.1) is equal to the generator resistance (R) s the indicated gain by this 
method will be 6 db less than that given by eqn. (12). If R x is greater than 10/?, 
both methods give approximately the same result. If the generator impedance has 
an appreciable reactive component, the difference between the two methods will be 
less than indicated above. 

(B) Amplifier gain in terms of power 

Amplifier gain is defined as the ratio expressed in db of the power delivered to the 
load, to the power which would be delivered to the same load if the amplifier were 
replaced by an ideal transformer which matches both the load and source impedances 
(R.MA. Standard SE-101-A, Amplifiers for sound equipment — Ref. 35). 

In Fig. 19.1 the power delivered to the load is 
P 2 = E 2 */R 2 (13) 

The power which would be delivered to the same load if the amplifier were replaced 
by an ideal transformer which matches both the load and source impedances is 

P x = E x */R x (14) 

.Therefore gain in decibels = 10 \og X0 (P 2 /P x ). (15) 

If the input resistance of the amplifier is made equal to the internal resistance of 
the source, 

i.e. R x = R, 
then E x = E/2 and P x = E 2 /4R X = &/4R. 
Gain in decibels = 10 log 10 (4RjB 1 */R^ 1 ) _ 

2E 2 ]r E 2 /r 

= 20 log.. -^^ = 6 + 20 log 10 F/s J^ (16) 

If, in addition, R 2 = R x = R, then 

gain in decibels = 6 + 20 log 10 (E 2 /E) (17) 

(C) Gain of a bridging amplifier 

A bridging amplifier is one whose internal input impedance is such that it may be 
connected across a circuit without appreciably affecting the circuit performance in 
any respect. Its function is to operate into programme circuits or similar loads 
(Ref. 33). 
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Bridging gain is the ratio, expressed in db, of the power delivered to the bridging 
amplifier load to the power in the load across which the input of the amplifier is 
bridged (Ref. 33). 

The commonest case is that of the input to an amplifier having a load of 600 ohms, 
with the input terminals of the bridging amplifier connected across it. The output 
load of the bridging amplifier is most commonly 600 ohms. 

(vii) Combined microphone and amplifier gain expressed in decibels 

(A) When a microphone, rated in terms of voltage, is connected to a voltage 
amplifier which is rated in decibels of voltage gain (dbvg), the output may be 
calculated as under : 

Output in dbv* = microphone rating in dbv* + coupling factor + amplifier gain 
in decibels of voltage gain (dbvg). (18) 

The coupling factor = 20 log [-^/(i? + __)] (Fig. 19.1). (19) 

Typical values of the coupling factor are tabulated below : 

R 1 /(R + RJ = 0.5 0,56 0.63 0.71 0.79 0.89 

Coupling factor = ' — 6 —5 —4 —3 —2 —1 db 

Example : Microphone —54 dbv* 

Amplifier + 80 dbvg 

__/(_ + R t ) = 0.5 

Output = -54 - 6 + 80 = + 20 dbv* = 10 volts. 

It should be noted that the calculated output applies for the rated sound pressure, 
for example 1 dyne per square centimetre. At other sound pressures the voltage 
will be proportional to the sound pressure. 

(B) When a microphone, rated in terms of effective output level, is con- 
nected to an amplifier having its gain expressed in terms of power in accord- 
ance with R.M.A. Standard SE-101-A : 

The amplifier power gain is measured effectively with a. constant input voltage in 
series with a resistance equal to the rated source impedance of the amplifier as in 
Fig. 19.3. Under these conditions no correction factor is necessary and the output 
from the amplifier in dbm is equal to the sum of the microphone effective output 
level in dbm and the amplifier power gain in decibels. This output level will only be 
attained when the pressure at the microphone is equal to the rated pressure — e.g. 
10 dynes/sq. cm. 

FIG. 19.3 FIG. 19.4 
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Fig. 



19.3. Method of testing 
amplifier for gain. 



Fig. 19.4. Voltage 
amplifier showing input 
and, output voltages. 

For example, a ribbon microphone has an effective output level of —59 dbm with 
an acoustical pressure of 10 dynes/cm 2 . If this is connected to an amplifier with a 
power gain of 40 db, the output level will be— 59 + 40= — 19 dbm with an acoustical 
pressure of 10 dynes/cm 2 . 

(C) When a microphone, rated in accordance with the R.M.A. microphone 
system rating is connected to an amplifier having its gain expressed in terms 
of power in accordance with R.M.A. Standard SE-101-A : 

For general remarks see (B) above. 

The output from the amplifier in dbm is equal to the sum of the R.M.A. micro- 
phone system rating, the amplifier power gain in decibels, and the sound pressure in 
decibels. 

For example, a ribbon microphone with a R.M.A. system rating (G M ) of —153 db, 

operating with a sound pressure of 10 dynes/sq. cm. (i.e. +94 db) and connected to 
__________ . 
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an amplifier with a power gain of 40 db will give an output level —153 +40 +94 = 
— 19 dbm. The microphone amplifier and sound pressure in this example are the 
same as for (B) above. 

(viii) Loudspeaker output expressed in decibels, in terms of acousti- 
cal pressure 

In accordance with the American R.M.A. Standard SE-103 (Ref. 29) the loud- 
speaker pressure rating is the difference between the axial sound pressure level (re- 
ferred to a distance of 30 feet) and the available input power level, and is expressed in 
db. 

It is expressed by the following forms (equations 20, 21, 22, 23) : 

G SP = 10 log 10 i{p s /p y/(W AS /W )] (20) 

G SP = 44 + 20 log 10 p s - 10 log 10 W AS (21) 

G SP = 44 + 20 log 10 p s - 20 log 10 E G + 10 log 10 R SR 

+ 20 log 10 [1 + (R SG /R SR )] (22) 

(pressure in db above p„) —■ G sp + (power in dbm) (23) 

where G sp = loudspeaker pressure rating in db 

p s = axial, free-space, r.m.s. sound pressure at 30 feet, in dynes/cm 2 
p = reference r.m.s. sound pressure = 0.0002 dyne/cm 2 
W A s = electrical power available to the speaker, in watts, and is equal to 
E G *R SR /{R SG + R SR y (Fig. 19.5) 
W = reference power = 0.001 watt 

E G = r.m.s. value of the constant voltage of the source, in volts 
R SR = loudspeaker rating impedance, in ohms* 
&sg — speaker measurement source impedance, in ohms* 
and dbm = power in decibels referred to 1 milliwatt. 

Fig. 19,5. Loudspeaker 
. testing conditions (R.M.A. 

*» Standard SE-103). 

The sound pressure (p d ) at any distance d feet may be used to compute the pressure 
p, at 30 feet by the relation 

p, = (d/30)p d (24) 

See also Ref. 34. 

Example : If the loudspeaker pressure rating (G SP ) is 46 db, what is the axial 
sound pressure level at 30 feet, with an available power input of 10 watts, using a 
standard test signal ? 

G SP = 46 db W AS = 10 watts = 40 dbm 

From equation (21), 

20 log 10 p s = =46 - 44 + 10 log 10 10 = 12 db. 
Therefore p s = 4 dynes/cm 2 (i.e. 86 db above p ). 

The same result may be derived more direcdy from equation (23), pressure = 
46 + 40 = 86 db above p . 

(ix) Sound system rating 

The total gain of a system from sound, through microphone, amplifier and loud- 
speaker to sound again may be calculated by adding the system ratings of the several 
sections and coupling factors (if any). 

(A) Using the American R.M.A. system ratings for microphone, amplifier 
and loudspeaker we may put 

SR = G M + G + G SP (25) 

where SR = sound system rating (gain in db) 

G M = R.M.A. microphone system rating (equations 10 and 11) 
G = amplifier power gain (equation 15) 
and G SP = loudspeaker pressure rating in db (equations 20, 21 and 22). 

♦See Chapter 20 Sect. 6(x)B for definitions of Rsr and Rsg- 
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A system rating of db indicates that the sound pressure 30 feet from the loud- 
speaker is the same as that at the microphone. Similarly a system gain of x db in- 
dicates that the sound pressure 30 feet from the loudspeaker is x db greater than that 
at the microphone. 

(B) Proposed method of rating microphones and loudspeakers for systems 
use by Romanow and Hawley (Ref. 11) 

This proposed method has not been adopted generally in the precise form ex- 
pounded, but the article gives a most valuable analysis of the whole subject of system 
gain. This method is also described in Ref. 34. 

(x) Tables and charts of decibel relationships 
Table 1 : Decibels expressed as power and voltage or current ratios 

Note that the Power Ratio columns give power values in milliwatts when the re- 
ference level is 1 mW. The Power Ratio columns also give power values in milli- 
watts when the centre column represents dbm*. 

The Voltage Ratio columns also give values in volts when the centre column re- 
presents dbv.f 
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DECIBELS 

Fig. 19.6. Gain ratio plotted against decibel gain. This chart may also be used for 
attenuation by inverting the ratio and making the decibels negative. 

Interpolation : If it is required to find the power ratio corresponding to 22.5 db, 
or any other value which is not included in the table, the following procedure may be 
adopted : — 

1. Take the next lowest multiple of 20 db (in this case 20 db), and note the corres- 
ponding power ratio (in this case 100). 

*dbm is unit of power expressed in decibels with db = 1 mW. 
•fdbv is unit of voltage expressed in decibels with db = 1 volt. 
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2. Take the difference between the specified level and the multiple of 20 db (in 
this case 22.5 — 20 = 2.5 db) and note the corresponding power ratio (in this 
case 1.778). 

3. Multiply the two power ratios so determined (in this case 100 X 1.778 = 177.8). 

TABLE 1 : DECIBELS EXPRESSED AS POWER AND VOLTAGE RATIOS 



Voltage 


Power Ratio 




Voltage 


Power Ratio 


or Current 


( = mW to Reference 


db 


or Current 


(= mW to Reference 


Ratio 


Level 1 mW) 




Ratio 


Level I mW) 


1.000 


1.000 


-0 + 


1.000 


1.000 


.988 6 


.9772 


0.1 


1.012 


1.023 


.977 2 


.955 


0.2 


1.023 


1.047 


.966 1 


.933 3 


0.3 


1.035 


1.072 


.955 


.912 


0.4 


1.047 


1.096 


.944 1 


.8913 


0.5 


1.059 


1.122 


.933 3 


.8710 


0.6 


1.072 


1.148 


.912 


.8318 


0.8 


1.096 


1.202 


.8913 


.794 3 


1.0 


1.122 


1.259 


.8414 


.707 9 


1.5 


1.189 


1.413 


.794 3 


.6310 


2.0 


1.259 


1.585 


.749 9 


.562 3 


2.5 


1.334 


1.778 


.707 9 


.5012 


3.0 


1.413 


1.995 


.6310 


.398 1 


4 


1.585 


2.512 


.562 3 


.316 2 


5 


1.778 


3.162 


.5012 


.2512 


6 


1.995 


3.981 


.446 7 


.1995 


7 


2.239 


5.012 


.398 1 


.158 5 


8 


2.512 


6.310 


.354 8 


.125 9 


9 


2.818 


7.943 


.316 2 


.100 


10 


3.162 


10.000 


.2818 


.079 43 


11 


3.548 


12.59 


.2512 


.06310 


12 


3.981 


15.85 


.223 9 


.050 12 


13 


4.467 


19.95 


.199 5 


.039 81 


14 


5.012 


25.12 


.177 8 


.031 62 


15 


5.623 


31.62 


.158 5 


.025 12 


16 


6.310 


39.81 


.1413 


.019 95 


17 


7.079 


50.12 


.125 9 


.015 85 


18 


7.943 


63.10 


.112 2 


.012 59 


19 


8.913 


79.43 


.100 


.010 00 


20 


10.000 


100.00 


.089 13 


.007 943 


21 


11.22 


125.9 


.079 43 


.006 310 


22 


12.59 


158.5 


.070 79 


.005 012 


23 


14.13 


199.5 


.063 10 


.003 981 


24 


15.85 


251.2 


.056 23 


.003 162 


25 


17.78 


316.2 


.050 12 


.002 512 


26 


19.95 


398.1 


.044 67 


.001 995 


27 


22.39 


501.2 


.039 81 


.001 585 


28 


25.12 


631.0 


.035 48 


.001 259 


29 


28.18 


794.3 


.031 62 


.001000 


30 


31.62 


1000 


.028 18 


7.943 X 10-* 


31 


35.48 


i 259 


.025 12 


6.310 X 10-* 


32 


39.81 


1585 


.022 39 


5.012 X 10-* 


33 


44.67 


1995 


.019 95 


3.981 X 10~* 


34 


50.12 


2 512 


.017 78 j 


3.162 x 10-* 


35 


56.23 


3 162 
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Voltage 


Power Ratio 




Voltage 


Power Ratio 


or Current 


( = mW to Reference 


db 


or Current 


( = mW to Reference 


Ratio 


Level 1 mW) 




Ratio 


Level 1 mW) 


.015 85 


2.512 X IO- 4 


36 


63.10 


3 981 


.014 13 


1.995 x IO" 4 


37 


70.79 


5 012 


.012 59 


1.585 x IO- 4 


38 


79.43 


6 310 


.011 22 


1.259 X IO- 4 


39 


89.13 


7 943 


.010 000 


1.000 x io- 4 


40 


100.0 


10 000 


.008 913 


7.943 X IO- 5 


41 


112.2 


12 590 


.007 943 


6.310 X IO- 5 


42 


125.9 


15 850 


.007 079 


5.012 X IO- 5 


43 


141.3 


19 950 


.006 310 


3.981 X IO- 5 


44 


158.5 


25 120 


.005 623 


3.162 X IO" 5 


45 


177.8 


31620 


.005 012 


2.512 X IO- 5 


46 


199.5 


39 810 


.004 467 


1.995 X IO- 5 


47 


223.9 


50 120 


, .003 981 


1.585 x IO- 5 


48 


251.2 


63100 


> .003 548 


1.259 X IO- 5 


49 


281.8 


79 430 


\ .003 162 


1.000 X io- 5 


50 


316.2 


100 000 


) .002 818 


7.943 x IO- 6 


51 


354.8 


125 900 


-' .002 512 


6.310 X IO" 6 


52 


398.1 


158 500 


.002 239 


5.012 X IO- 6 


53 


446.7 


199 500 


.001 995 


3.981 x IO -6 


54 


501.2 


251 200 


.001 778 


3.162 X IO" 6 


55 


562.3 


316 200 


.001 585 


2.512 X IO" 6 


56 


631.0 


398 100 


.001 413 


1.995 x IO- 6 


57 


707.9 


501200 


.001 259 


1.585 X IO" 6 


58 


794.3 


631000 


.001 122 


1.259 X 10- 6 


59 


891.3 


794 300 


.001000 


1.000 x io- 6 


60 


1000 


1000 000 


8.91 x 10-* 


7.943 x 10- 7 


61 


1 122 


1.259 X 10 s 


7.94 x 10-* 


6.310 x 10- 7 


62 


1259 


1.585 x IO 6 


7.08 x 10-* 


5.012 x IO- 7 


63 


1413 


1.995 x IO 6 


6.31 X 10~ 4 


3.981 x IO- 7 


64 


1585 


2.512 X IO 6 


5.62 X 10- 4 


3.162 X IO- 7 


65 


1778 


3.162 X IO 6 


5.01 x 10-* 


2.512 X IO" 7 


66 


1995 


3.981 x IO 6 


4.47 x 10-* 


1.995 X IO- 7 


67 


2 239 


5.012 x IO 6 


3.98 x 10"* 


1.585 X IO- 7 


68 


2 512 


6.310 x IO 6 


3.55 x 10"* 


1.259 x IO- 7 


69 


2 818 


7.943 X IO 6 


3.16 x 10- 4 


1.000 x IO- 7 


70 


3 162 


1.000 x IO 7 


2.82 x 10- 4 


7.943 x IO- 8 


71 


3 548 


1.259 X IO 7 


2.51 x 10- 4 


6.310 x IO" 8 


72 


3 981 


1.585 X IO 7 


2.24 x 10- 4 


5.012 x IO" 8 


73 


4 467 


1.995 X IO 7 


1.99 x 10- 4 


3.981 x IO- 8 


74 


5 012 


2.512 x IO 7 


1.78 X 10- 4 


3.162 x IO" 8 


75 


5 623 


3.162 X IO 7 


1.58 x 10- 4 


2.512 x IO- 8 


76 


6 310 


3.981 X IO 7 


1.41 x 10- 4 


1.995 X 10- 8 


77 


7 079 


5.012 x IO 7 


1.26 X 10- 4 


1.585 x 10- 8 


78 


7 943 


6.310 X IO 7 


1.12 X 10- 4 


1.259 x IO- 8 


79 


8 913 


7.943 x IO 7 


1.00 x io- 4 


1.000 x IO- 8 


80 


10 000 


1.000 x IO 8 


8.91 X 10- 5 


7.943 x IO" 9 


81 


11220 


1.259 x IO 8 


7.94 x 10- 5 


6.310 X 10~» 


82 


12 590 


1.585 X IO 8 


7.08 x IO" 5 


5.012 x IO" 9 


83 


14130 


1.995 X IO 8 


6.31 X IO" 5 


3.981 x 10- 9 


84 


15 850 


2.512 X IO 8 


5.62 X IO" 5 


3.162 x IO" 9 


85 


17 780 


3.162 x IO 8 


5.01 X IO- 5 


2.512 x IO- 9 


86 


19 950 


3.981 x IO 8 


4.47 X IO" 5 


1.995 x IO" 9 


87 


22 390 


5.012 x 10 s 
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Voltage 


Power Ratio 




Voltage 


Power Ratio 


or Current 


( = mW to Reference 


db 


or Current 


(= mW to Reference 


Ratio 


Level 1 mW) 




Ratio 


Level 1 mW) 


3.98 x 10- 5 


1.585 x 10-» 


88 


25 120 


6.310 x 10* 


3.55 x 10- 5 


1.259 x 10- 9 


89 


28 180 


7.943 x 10 8 


3.16 x 10- 5 


1.000 x 10~ 9 


90 


31 620 


1.000 x 10 9 


2.82 x 10~ s 


7.943 x 10- 10 


91 


35 480 


1.259 x 10 9 


2.51 x 10- 5 


6.310 X 10- 10 


92 


39 810 


1.585 x 10 9 


2.24 x 10- 5 


5.012 x 10- 10 


93 


44 670 


1.995 x 10 9 


1.99 x 10- 5 


3.981 X 10- 10 


94 


50 120 


2.512 x 10 9 


1.78 x 10- 5 


3.162 x 10- 10 


95 


56 230 


3.162 x 10 9 


1.58 x 10- 5 


2.512 X 10- 10 


96 


63 100 


3.981 X 10* 


1.41 x 10- s 


1.995 x 10- 10 


97 


70 790 


5.012 X 10 9 


1.26 x 10- 5 


1.585 x 10- 10 


98 


79 430 


6.310 x 10 9 


1.12 x 10- 5 


1.259 x 10- 10 


99 


89 130 


7.943 X 10 9 


1.00 x 10- 5 


1.000 x io- 10 


100 


100 000 


1.000 x 10 10 




I 



19.1 (x) TABLES AND CHARTS OF DECIBEL RELATIONSHIPS 817 

TABLE 2 : POWER AND VOLTAGE OR CURRENT RATIOS EXPRESSED 

IN DECIBELS 





db 


db 




db 


db 


Ratio 


(Power 


(Voltage* 


Ratio 


(Power 


(Voltage* 




Ratio) 


Ratio) 




Ratio) 


Ratio) 


1.0 








5.7 


7.559 


15.117 


1.1 


0.414 


0.828 


5.8 


7.634 


15.269 


1.2 


0.792 


1.584 


5.9 


7.709 


15.417 


1.3 


1.139 


2.279 


6.0 


7.782 


15.563 


1.4 


1.461 


2.923 


6.1 


7.853 


15.707 


1.5 


1.761 


3.522 


6.2 


7.924 


15.848 


1.6 


2.041 


4.082 


6.3 


7.993 


15.987 


1.7 


2.304 


4.609 


6.4 


8.062 


16.124 


1.8 


2.553 


5.105 


6.5 


8.129 


16.258 


1.9 


2.788 


5.575 


6.6 


8.195 


16.391 


2.0 


3.010 


6.021 


6.7 


8.261 


16.521 


2.1 


3.222 


6.444 


6.8 


8.325 


16.650 


2.2 


3.424 


6.848 


6.9 


8.388 


16.777 


2.3 


3.617 


7.235 


7.0 


8.451 


16.902 


2.4 


3.802 


7.604 


7.1 


8.513 


17.025 


2.5 


3.979 


7.959 


7.2 


8.573 


17.147 


2.6 


4.150 


8.299 


7.3 


8.633 


17.266 


2.7 


4314 


8.627 


7.4 


8.692 


17.385 


2.8 


4.472 


8.943 


7.5 


8.751 


17.501 


2.9 


4.624 


9.248 


7.6 


8.808 


17.616 


3.0 


4.771 


9.542 


7.7 


8.865 


17.730 


3.1 


4.914 


9.827 


7.8 


8.921 


17.842 


3.2 


5.051 


10.103 


7.9 


8.976 


17,953 


3.3 


5.185 


10.370 


8.0 


9.031 


18.062 


3.4 


5.315 


10.630 


8.1 


9.085 


18.170 


3.5 


5.441 


10.881 


8.2 


9.138 


18.276 


3.6 


5.563 


1L126 


8.3 


9.191 


18.382 


3.7 


5.682 


11.364 


8.4 


9.243 


18.486 


3.8 


5.798 


11.596 


8.5 


9.294 


18.588 


3.9 


5.911 


11.821 


8.6 


9.345 


18.690 


4.0 


6.021 


12.041 


8.7 


9.395 


18.790 


4.1 


6.128 


12.256 


8.8 


9.445 


18.890 


4.2 


6.232 


12.465 


8.9 


9.494 


18.988 


4.3 


6.335 


12.669 


9.0 


9.542 


19.085 


4.4 


6.435 


12.869 


9.1 


9.590 


19.181 


4.5 


6.532 


13.064 


9.2 


9.638 


19.276 


4.6 


6.628 


13.255 


9.3 


9.685 


19.370 


4.7 


6.721 


13.442 


9.4 


9.731 


19.463 


4.8 


6.812 


13.625 


9.5 


9.777 


19.554 


4.9 


6.902 


13.804 


9.6 


9.823 


19.645 


5.0 


6.990 


13.979 


9.7 


9.868 


19.735 


5.1 


7.076 


14.151 


9.8 


9.912 


19.825 


5.2 


7.160 


14.320 


9.9 


9.956 


19.913 


5.3 


7.243 


14.486 


10.0 


10.000 


20.000 


5.4 


7.324 


14.648 


100 


20 


40 


5.5 


7.404 


14.807 


1000 


30 


60 


5.6 


7.482 


14.964 


10000 


40 


80 


•Or Current 


Ratio. 











To find the decibels corresponding to ratios above 10, break the ratio into two factors 
and add the decibels of each. For example — 
Voltage ratio = 400 = 4 x 100. Decibels = 12.041 + 40 = 52.041. 
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TABLE 3 : DECIBELS ABOVE AND BELOW REFERENCE LEVEL 6 mW 

INTO 500 OHMS 

Note that the power in watts holds for any impedance, but the voltage holds only 
for 500 ohms. 



db down 


Level 
db 


db 


up 


Volts 


Watts 


Volts 


Watts 


1.73 


6.00 x 10- 3 


-0+ 


1.73 


.006 00 


1.54 


4.77 x 10- 8 


1 


1.94 


.007 55 


1.38 


3.79 x 10- 3 


2 


2.18 


.009 51 


1.23 


3.01 x 10- s 


3 


2.45 


.012 


1.09 


2.39 X 10- 3 


4 


2.75 


.015 1 


.974 


1.90 X 10~ 3 


5 


3.08 


.019 


.868 


1.51 X 10- 3 


6 


3.46 


.023 9 


.774 


1.20 X 10- 3 


7 


3.88 


.0301 


.690 


9.51 X 10-* 


8 


4.35 


.037 9 


.615 


7.55 X 10-* 


9 


4.88 


.047 7 


.548 


6.00 x 10-* 


10 


5.48 


.060 


.488 


4.77 X 10-* 


11 


6.15 


.075 5 


.435 


3.79 x 10-* 


12 


6.90 


.0951 


.388 


3.01 x 10-* 


13 


7.74 


.120 


.346 


2.39 x 10-* 


14 


8.68 


.151 


.308 


1.90 x 10-* 


15 


9.74 


.190 


.275 


1.51 x 10-* 


16 


10.93 


.239 


.245 


1.20 x 10-* 


17 


12.26 


.301 


.218 


9.5! x l -5 


18 


13.76 


.379 


.194 


7.55 x 10- 5 


19 


15.44 


.477 


.173 


6.00 x 10- 6 


20 


17.32 


.600 


.097 4 


1.90 x 10- 5 


25 


30.8 


1.90 


.054 8 


6.00 x 10-« 


30 


54.8 


6.0 


.030 8 


1.90 x 10-« 


35 


97.4 


19.0 


.017 3 


6.00 x 10- 7 


40 


173 


60.0 


.009 74 


1.90 x 10- 7 


45 


308 


190 


.005 48 


6.00 X 10- 8 


50 


548 


600 


.003 08 


1.90 x 10^ 8 


55 


974 


1900 


.00173 


6.00 X 10~» 


60 


1730 


6000 


.000 974 


1.90 x 10- 9 


65 


3 080 


19 000 


.000 548 


6.00 x lO" 10 


70 


5 480 


60 000 


.000 308 


1.90 x 10- 10 


75 


9 740 


190 000 


.000173 


6.00 x 10'-" 


80 


17 300 


600 000 



References : Nomographs Refs. 3, 6 j Tables Ref. 9. 
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TABLE 4 : DECIBELS ABOVE AND BELOW REFERENCE LEVEL 6 mW 

INTO 600 OHMS 

Note that the power holds for any impedance, but the voltage holds only for 600 
ohms. 



\ 



db down 


Level 
db 


db up 


Volts 


Watts 


Volts 


Watts 


1.90 


6.00 x 10- s 


-0+ 


1.90 


006 00 


1.69 


4.77 x 10- 3 


1 


2.13 


.007 55 


1.51 


3.79 x 10- 8 


2 


2.39 


.009 51 


1.34 


3.01 x 10- 3 


3 


2.68 


.012 


1.20 


2.39 x 10- 8 


4 


3.01 


.015 1 


1.07 


1.90 x 10- 8 


5 


3.37 


.019 


.951 


1.51 x 10- 8 


6 


3.78 


.023 9 


.847 


1.20 x 10- 8 


7 


4.25 


.030 1 


.775 


9.51 x 10-* 


8 


4.77 


.037 9 


.673 


7.55 x 10-* 


9 


5.35 


.047 7 


.600 


6.00 x 10-* 


10 


6.00 


.060 


.535 


4.77 x 10-* 


11 


6.73 


.075 5 


.477 


3.79 x 10-* 


12 


7.55 


.0951 


.425 


3.01 x 10-* 


13 


8.47 


.120 


.378 


2.39 x 10-* 


14 


9.51 


.151 


.337 


1.90 X I0~* 


15 


10.7 


.190 


.301 


1.51 x 10-* 


16 


12.0 


.239 


.268 


1.20 x 10-* 


17 


13.4 


.301 


.239 


9.51 x 10- 5 


18 


15.1 


.379 


.213 


7.55 x 10- 5 


19 


16.9 


.477 


.190 


6.00 x 10- 8 


20 


19.0 


.600 


.107 


1.90 x 10- 5 


25 


33.7 


1.90 


.060 


6.00 x 10-« 


30 


60.0 


6.0 


.033 7 


1.90 x 10-« 


35 


107 


19.0 


.019 


6.00 x ib- 7 


40 


190 


60.0 


.010 7 


1.90 X 10- 7 


45 


337 


190 


.006 00 


6.00 x 10- 8 


50 


600 


600 


.003 37 


1.90 X 10- 8 


55 


1070 


1900 


.00190 


6.00 X 10"» 


60 


1900 


6000 


.00107 


1.90 X 10~ 9 


65 


3 370 


19 000 


.000 600 


6.00 x 10- 10 


70 


6000 


60 000 


.000 337 


1.90 X 10- 10 


75 


10 700 


190 000 


.000190 


6.00 x 10- 11 


80 


19 000 


600 000 



820 (x) TABLES AND CHARTS OF DECIBEL RELATIONSHIPS 19.1 

TABLE 5 : DECIBELS ABOVE AND BELOW REFERENCE LEVEL 1 mW 

INTO 600 OHMS 

Note that the power holds for any impedance, but the voltage holds only for 600 
ohms. 



i 



db down 


Level 
dbm 


db 


up 


Volts 


Milliwatts 


Volts 


Milliwatts 


0.774 6 


1.000 


-0+ 


0.774 6 


1.000 


0.690 5 


.794 3 


1 


0.869 1 


1.259 


0.616 7 


.6310 


2 


0.975 2 


1.585 


0.54&4 


.5012 


3 


1.094 


1.995 


0.488 7 


.398 1 


4 


1.228 


2.512 


0.435 6 


.316 2 


5 


1.377 


3.162 


0.388 2 


.251 2 


6 


1.546 


3.981 


0.346 


.199 5 


7 


1.734 


5.012 


0.308 4 


.158 5 


8 


1.946 


6.310 


0.274 8 


.125 9 


9 


2.183 


7.943 


0.244 9 


.100 


10 


2.449 


10.000 


0.218 3 


.079 43 


11 


2.748 


12.59 


0.194 6 


.063 10 


12 


3.084 


15.85 


0.173 4 


.050 12 


13 


3.460 


19.95 


0.154 6 


.039 81 


14 


3.882 


25.12 


0.137 7 


.031 62 


15 


4.356 


31.62 


0.122 8 


.025 12 


16 


4.887 


39.81 


0.109 4 


.019 95 


17 


5.484 


50.12 


0.097 52 


.015 85 


18 


6.153 


63.10 


0.08691 


.012 59 


19 


6.905 


79.43 


0.077 46 


.010 00 


20 


7.746 


100.00 


0.043 56 


.003 16 


25 


13.77 


316.2 


0.024 49 


.00100 


30 


24.49 


1.000W 


0.013 77 


.000 316 


35 


43.56 


3.162W 


0.007 746 


.000 100 


40 


77.46 


10.00W 


0.004 356 


3.16 x 10- 5 


45 


137.7 


31.62W 


0.002 449 


1.00 x 10- 5 


50 


244.9 


100W 


0.001 377 


3.16 x 10- 6 


55 


435.6 


316.2W 


0.000 774 6 


1.00 x io- 6 


60 


774.6 


1000W 


0.000 435 6 


3.16 x 10~ 7 


65 


1377 


3 162W 


0.000 244 9 


1.00 x io- 7 


70 


2 449 


10 000W 


0.000 137 7 


3.16 x 10- 8 


75 


4 356 


31 620W 


0.000 077 46 


1.00 x io- 8 


80 


7 746 


100 000W 



( 
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TABLE 6 : WATTS, DBM AND VOLTS ACROSS 5000 OHMS 



















milli- 


Watts 


dbm 


volts 


milli- 


dbm 


volts 


micro- 


dbm 


volts 






across 


watts 




across 


watts 




across 






5000& 






5000 Q 






5000£ 


20 


+43' 


315 


63 


+ 18 


"17.8 


1.0 


-30 


71 


15.8 


+42 


280 


40 


+ 16 


14.0 


0.63 


-32 


56 


12.6 


+41 


250 


25 


+ 14 


11.2 


0.40 


-34 


45 


10 


+40 


213 


16 


+ 12 


8.9 


0.25 


-36 


35 


7.9 


+39 


200 


10 


+ 10 


7.1 


0.16 


-38 


28 


6.3 


+38 


178 


6.3 


+ 8 


5.6 


0.10 


-40 


21.3 


5.0 


+37 


158 


4.0 


+ 6 


4.5 


0.063 


-42 


17.8 


4.0 


+36 


140 


2.5 


+ 4 


3.5 


0.040 


-44 


14.0 


3.16 


+35 


126 


1.6 


+ 2 


2.8 


0.025 


-46 


11.2 


2.5 


+34 


112 


1.0 





2.13 


0.016 


-48 


8.9 


2.0 


+33 


100 


0.63 


- 2 


1.78 


0.010 


-50 


7.1 


1.59 


+32 


89 


0.40 


- 4 


1.40 


0.006 3 


-52 


5.6 


1.26 


+31 


79 


0.25 


— 6 


1.12 


0.0040 


-54 


4.5 


1.0 


+30 


71 


0.16 


- 8 


0.89 


0.002 5 


-56 


3.5 


0.79 


+29 


63 


0.10 


-10 


0.71 


0.0016 


-58 


2.8 


0.63 


+28 


56 


63 ^W 


-12 


0.56 


0.0010 


-60 


2.13 


0.50 


+27 


50 


40 ^W 


-14 


0.45 


0.000 63 


-62 


1.78 


0.40 


+26 


45 


25 fiW 


-16 


0.35 


0.00040 


-64 


1.40 


0.32 


+25 


39 


16 /*W 


-18 


0.28 


0.00025 


-66 


1.12 


0.25 


+24 


35 


10/iW 


-20 


0.213 


0.00016 


-68 


0.89 


0.20 


+23 


31.5 


6.3/aW 


-22 


0.178 


0.00010 


-70 


0.71 


0.16 


+22 


28 


4.0/iW 


-24 


0.140 


3.2 xlO- 5 


-75 


0.39 


0.13 


+21 


25 


2.5mW 


-26 


0.112 


l.OOxlO" 6 


-80 


0.21 


0.10 


+20 


21.3 


i.6/*W 


-28 


0.089 


3.2x10-° 


-85 


0.13 



(si) Nomogram for adding decibel-expressed quantities 

Two or more sounds combine to give a total sound whose acoustical power is the 
sum of the powers of the individual components. This nomogram* (Fig. 19.6A) 
may be used to determine the resultant level in db when the two component sound 
levels are also expressed in db, or for adding any decibel-expressed quantities. 

The difference between the two component values in decibels is first determined 
by algebraic subtraction, and this difference value is found on Scale A. The corres- 
ponding figure on Scale B then indicates the number of decibels to be added to the 
greater original quantity to give, the required resultant. 

For example take two sound levels of 35.2 db and 37.0 db. The difference is 1 .8 db 
which, when located on Scale A, indicates 2.2 db on Scale B. This value is then added 
to 37.0 db to give the resultant sound level of 39.2 db. 

When the difference in level exceeds 20 db, disregarding the smaller quantity pro- 
duces an error of less than 1%. 

The nomograph scales are based on the formula : 
B = [lO log 10 (l + log 10 -^)j - A (26) 

where A and B correspond to points on the respective scales. Ref. 37. 



* For Nomogram see page 822. 
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(xii) Decibels, slide rules and mental 
arithmetic 

The following holds for power calculations 
under all conditions, and for voltage and 
current calculations when the impedance is 
constant. 

Use of log-log slide rule 

For voltage ratios, set the cursor to 10 on 
the log-log scale, and set the C scale to 20 
on the cursor. Then set the cursor to the 
required voltage ratio on the log-log scale 
and read the decibels on the C scale. To 
obtain good accuracy it is advisable to use the 
section of the log-log scale between 3 and 100, 
dealing with powers of 10 separately. 

For power ratios, set cursor to 10 on the 
log-log scale, set the C scale to 10 on the 
cursor and then proceed as before. 

Decibel calculations by mental arith- 
metic 

For occasions when a rule is not available, 
it is useful to be able to perform conversions 
mentally. It is possible to memorize a con- 
version table, but this is unnecessary because, 
starting with the knowledge that an increase 
of two times in a voltage ratio is equivalent 
to 6 db, and 10 times to 20 db, it is com- 
paratively simple to build up such a table 
mentally as required. The backbone of the 
table is as follows — 

db 2 6 8 12 14 18 20 

factor 1 1.25 2 2.5 4 5 8 10 

This is built up simply by adding 6 db 
for each two times increase from a ratio of 
unity, i.e. 2, 4 and 8 times represent 6, 12 
and 18 db, and by subtracting 6 db for each 
halving of a multiplying factor of 10 times 
i.e. 10, 5, 2\ and \\ times are represented 
by 20, 14, 8 and 2 db. 

The next step in the table can be built up 
from noticing that a 2 db decrease represents 
a multiplying factor of 0.8 times. From this 
fact we can add the values for 4, 10 and 16 
db— 

db 4 10 16 

factor 1.6(2X0.8) 3.2(4x0.8) 6.4(8x0.8) 

To complete the table we need values for 
each of the odd numbers of db. Noticing 
that 2 db down is equivalent to multiplying 
by 0.8 we can assume that the error in - 
taking 1 db down as 0.9 is small, and the I 
table can then be written in full. 



1 — 3.0 



--2.5 



— 1.5 



5 — 
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10 



14- 

16 

20 



-2.0 



■1.0 



4 

A 



-0.5 



Fig. 19.6A. 
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Accurate values are recorded in the third line for comparison, 
db— 

1234567 89 10 
factor — 

1 1.12 1.25 1.4 1.6 1.8 2 2.3 2.5 2.9 3.2 
true factor — 

1.00 1.12 1.26 1.41 1.59 1.78 2.00 2.24 2.51 2.82 3.16 

db— 

11 12 

factor — 

3.6 4 

true factor— 

3.55 3.98 4.47 5.01 5.62 6.31 7.08 7.94 8.91 10.0 

Comparing the multiplying factors computed in this manner with the true factors 
it will be seen that the greatest error (at 15 db) is just over 3% which is negligible for 
the type of calculation intended to be performed by this method. 

When working with " db down," the number of db can be subtracted from 20 and 
the multiplying factor from the table can be divided by 10, e.g. 7 db (20-13) down is 
equivalent to a multiplying factor of 0.45. A small amount of practice at such mental 
conversions soon results in many of the factors being memorized (or else becoming 
immediately obvious) without any conscious effort in this direction. 
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SECTION 2 : VOLUME INDICATORS AND VOLUME UNITS 

(0 Volume indicators (it) Volume units. 

(i) Volume indicators 

When an instrument is required merely to measure power under steady conditions, 
no particular difficulties are encountered and the scale may be calibrated in decibels 
with respect to any desired reference level. In studio programmes, however, the 
power is constantly fluctuating and the indication of the instrument will depend upon 
its speed of response and damping. 

Volume is here applied to the indications of a device known as a Volume Indicator, 
which is calibrated and read in a prescribed manner. 

The Volume Indicator is a standardized instrument (Ref. 19) which has been 
developed primarily for the control and monitoring of radio programmes. The 
Volume Indicator is a root-mean-square type of instrument with a full-wave copper- 
oxide type of rectifier. The rectifier law is intermediate between linear and square- 
law, having an exponential of 1.2 ± 0.2. Its dynamic characteristics are such that, 
if a sinusoidal voltage of frequency between 35 and 10 000 c/s and of such amplitude 
as to give reference deflection under steady-state conditions is suddenly applied, the 
pointer will reach 99% of reference deflection in 0.3 second (± 10%) and should 
then overswing reference deflection by at least 1.0% and not more than 1.5% (Ref. 19). 
It will give a reading of 80% on an impulse of sine wave form as short as 0.025 second 
(Ref. 18). 

It is fitted with two scales, a vu scale marked (" reference deflection ") at about 
71% maximum scale reading, extending to + 3 (maximum) and — 20 (minimum) 
and a percentage voltage scale with 100% corresponding to vu reading, calibrated 
downwards to 0%. 

The instrument is available with the scales marked differently : With " Scale A " 
the vu scale is made more prominent, being situated above the percentage scale — 
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this is for use in measuring instruments etc. where the reading of the meter together 
with the reading of an associated attenuator (where necessary) give the actual power 
level. With " Scale B " the percentage scale is made more prominent being situated 
above the vu scale — this is for use in studio controls etc. where the operator is non- 
technical and is not interested in actual levels. 

The sensitivity shall not depart from that at 1000 c/s by more than 0.2 db between 
35 and 10 000 c/s at an input level of vu, nor more than 0.5 db between 25 and 
16 000 c/s (Ref. 19). 

The instrument is calibrated by connecting it in shunt with a resistance of 600 ohms 
through which is flowing 1 milliwatt of sine-wave power at 1000 c/s, when a reading 
shall be vu (or n vu when the calibrating power is n db above 1 milliwatt). 

If the instrument is connected across any impedance other than 600 ohms, the 
volume indicated must be corrected by adding 10 logi (600/2), where Z is the actual 
impedance in ohms. 

The total impedance of the volume indicator is usually about 7500 ohms, of which 
about 3600 ohms is external to the instrument. 

The Volume Indicator is intended to be read as deviations from the reference volume 
(0 vu), after making allowance for the sensitivity control (attenuator) which is also 
calibrated in vu. The reading is determined by the greatest deflections occurring 
in a period of about a minute for programme waves, or a shorter period (e.g. 5 to 10 
seconds) for message telephone speech waves, excluding not more than one or two 
occasional deflections of unusual amplitude. 

References 18, 19, 39. 

(ii) Volume units 

The volume unit (abbreviated vu and pronounced " vee-you ") is a unit to express 
the level of a complex wave in terms of decibels above or below a reference volume as 
defined below. A level referred to as x vu means a complex wave power reading on 
a standard vu meter. Volume units should never be used to indicate the level of a 
sine-wave signal — the latter should always be referred to as so many dbm. Even if 
a vu meter is used to read the level of a steady single-frequency sine-wave signal, 
which is quite permissible, the reading should be referred to as so many dbm. 

A volume unit implies a complex wave — a programme waveform with high peaks. 
The usual convention is to assume that the peak value is 10 db above the sine-wave 
peak.* For this reason an amplifier for radio broadcasting systems is tested with 
sine-wave input at a level 10 db above the maximum vu level at which it is intended 
to be used. For example, a system working at a level of + 12 vu would be tested 
for distortion at a level of + 22 dbm sine-wave. 

Reference volume is denned as that strength of elecirical speech Or programme 
waves which gives a reading of vu on a volume indicator as described above, and 
which is calibrated to read vu on a steady 1000 c/s wave whose power is 1 milliwatt 
in 600 ohms. Care should be taken to distinguish between this definition of reference 
volume, which is arbitrary and not definable in fundamental terms, and a reference 
level of 1 milliwatt used for power measurements under steady conditions with a 
single frequency. 

References 18, 19, 39. 



'Occasional peaks under certain conditions may be somewhat higher. 
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SECTION 3 : INDICATING INSTRUMENTS 

(i) Decibel meters (ii) Power output meters (*») Volume indicators (iv) Acoustical 
instruments. 

(i) Decibel meters 

A decibel meter is usually a rectifier type of instrument calibrated in decibels, with 
db situated somewhere near the centre of the scale. The scale is usually marked 
to indicate the reference level and the line impedance, e.g. " db — 6 mW ; cali- 
brated for 500 ohm lines." 

These instruments are frequently provided with attenuators to extend their range 
and are then sometimes called power-level indicators. They are actually volt- 
meters intended to be connected across a line of known impedance. 

If a decibel meter is connected across a resistance other than the correct value 
the error will be 

error in db = 10 log 10 (R x /R) (1) 

where R x = resistance across which the meter is connected 
and R = correct resistance for which the meter is calibrated* 

A chart of corrections based on equation (1) is given in Ref. 4. 

(ii) Power output meters 

These differ from decibel meters in that the instrument dissipates and measures 
power. The input impedance is usually variable by means of a selector switch, 
and the scale of the instrument may be calibrated both in milliwatts and decibels. 

(iii) Volume indicators 

See Section 2 above. 

(iv) Acoustical instruments 

Sound level meters — see Section 5 below. 

Noise meters — see Section 6 below. 

References to indicating instruments— 1, 4, 9, 17, 18, 19, 20, 21, 23, 25, 26, 27, 39. 



SECTION 4 : NEPERS AND TRANSMISSION UNITS 

(i) Nepers (ii) Transmission units. 

(i) Nepers 

Just as there are two systems of logarithms in general use, so there are two logarith- 
mic units for the measurement of difference of power levels. The bel and the decibel 
are based on the system of Common Logarithms (to the base 10). 

The neper is based on the system of Naperian Logarithms (to the base e). 

Nepers are not commonly used in English-speaking countries, but are used by some 
European countries. 

Equation (1) below should be compared with Section 1, equation (2) above : 
N n = i log e (PJP X ) (1) 

where N n is the ratio of two powers expressed in nepers 

P t = reference power 
and P 2 = power which is referred back to P x . 

When the impedances relating to Pj and P 2 are the same, 
N n = log e (EJE X ) = log e (IJh) (2) 

Equation (2) should be compared with equations (4) and (5) in Section 1 above. 
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(i) NEPERS 
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Relationship between decibels and nepers 

1 neper = 8.686 db 

1 db = 0.1151 neper 
Power ratio 1 1.259 1.585 3.162 

db 12 5 

nepers 0.1151 0.2303 0.5757 

References 1, 9. 



10 
10 
1.151 



100 
20 
2.303 



10" 
50 
5.757 



(ii) Transmission units 

A transmission unit was the early name of the decibel, but is no longer used. 
1 TU = 1 db 



SECTION 5 : LOUDNESS 

(*') Introduction to loudness (ii) The phon (m) Loudness units. 

(i) Introduction to loudness 

The loudness of any tone is a function, not only of its intensity, but also of its fre- 
quency. This is indicated by the contour curves of equal loudness as shown in Fig. 
19.7. 



Fig. 19.7. 
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Contours of equal loudness level (0 db = 10 _w watt/cm*)— Ref. 28, after 
Fletcher and Munson (Ref. 40). 



(ii) The Phon 

The phon is the unit of loudness level. The loudness level, in phons, of a sound 
is numerically equal to the intensity level in decibels of the 1000 c/s pure tone which is 
judged by the listeners to be equally loud. The reference intensity is 10~" watt 
per square centimetre 4 ', which is near the value of the threshold of audibility for a 
1000 c/s pure tone (Ref. 22). 

When listening to a 1000 c/s pure tone, the loudness level in phons is equal to the 
number of decibels above the reference intensity, but with any other frequency the 
loudness level in phons will normally differ from the intensity in decibels (Fig. 19.7). 

•The equivalent reference pressure for sound pressure measurements is 0.0002 dyne per square centi- 
metre. The equivalent reference velocity for sound velocity measurements is 0.000 005 centimetre 
per second. 
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(iii) LOUDNESS UNITS 
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(iii) Loudness units 

For purposes of noise measurement, the loudness unit has been standardized (Ref. 
28), and is based on the principle that doubling the number of loudness units is equiva- 
lent to a sensation of twice the loudness. The relation between loudness level in 
phons and loudness in loudness units is given in Fig. 19.8. 

References 40, 41, 28. 
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LOUDNESS LEVEL IN PHONS 



90 100 
FIG. 19.8 



Fig. 19.8. Relation between loudness and loudness level ; reference frequency 1000 c/s- 
Ref. 28i after Fletcher and Munson (Ref. 41). 



SECTION 6 : THE MEASUREMENT OF SOUND LEVEL AND 

NOISE 



(0 Introduction (ii) The sound level meter (iii) The measurement of noise in 
amplifiers (iv) The measurement of radio noise. 

(i) Introduction 

Sound includes wanted sound — music or speech — and also unwanted sound — 
noise. Noise may be measured acoustically, as for example by a sound level meter, 
or electrically. Acoustical methods of measuring noise and other sounds are de- 
scribed in (ii) below. Electrical noise may be measured either with or without a 
weighting network. If a weighting network is used, there will be appreciable attenua- 
tion of the lower frequencies, including hum frequencies. It is normally assumed in 
good engineering practice that the hum components have negligible effect on the 
noise reading ; if this is not so, they should be filtered out before the noise voltage is 
applied to the measuring equipment. 
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(ii) The sound level meter 

Sound measurements, when made with an American standard sound level meter 
(Ref. 23) are determinations of sound intensity levels and are expressed in decibels — 
the reference sound pressure level is 0.0002 dyne/cm a at 1000 c/s. The standard 
sound level meter has a scale calibrated in decibels, and the readings should be re- 
ferred to as e.g. " 60 decibels sound level " or " sound level of 60 decibels." A sound 
level meter may provide a choice of frequency response characteristics : 

(A) The 40 decibel equal loudness contour* 

(B) The 70 decibel equal loudness contour* 

(C) Flat frequency response. 

In all cases the frequency response should be stated in connection with any measure- 
ments. If only one frequency response is provided, this should be (A) above. Curve 
(A) is recommended for measurements up to 55 db, curve (B) for measurements 
from 55 to 85 db, and curve (C) for very loud sounds (85 to 140 db). 

Within certain tolerances the sound level meter will indicate the sum of the equival- 
ent 1000 c/s intensities of the different single frequency components in a complex 
wave — that is the power indicated for a complex wave will be the sum of the powers 
which would be indicated for each of the single frequency components of the complex 
wave acting alone. 

The dynamic characteristics of the indicating instrument are specified in detail 
(Ref. 23). 

The American sound level meter is a very simple instrument giving only approxi- 
mate indications of loudness levels. However the ear does not judge the loudness 
of wide-band noises in the same way that it judges the loudness of pure tones. Con- 
sequently the use of the equal-loudness contours based on pure tones introduces 
errors which may be as great as 22 phons between the readings of an American sound 
level meter and subjectively measured loudness levels in phons (Ref. 42). 

British objective noise meter 

A more accurate acoustical noise meter has been designed by King and associates 
(Ref. 42) which includes a phase-shifting network, a peak-indicating meter and a 
larger number of weighting networks. See also Ref. 34 (pp. 894-896). 

References to sound level meters : 12, 23, 24 (pp. 392-393), 34 (pp. 888-896), 42. 

TABLE 7 : TYPICAL SOUND LEVELS 
measured with American Standard Sound Level Meter 
(after H. F. Olson, Ref. 24, by kind permission of the author and publishers — copy- 
right by D. Van Nostrand Company, Inc., New York, U.S.A.) 

Noise Level 
Source or Description of Noise in Decibels 

Threshold of Pain 130 

Hammer Blows on Steel Plate 2 ft. 114 

Riveter 35 ft. 97 

7-passenger sedan carf 87 

Factory 78 

Busy street traffic 68 

Large office 65 

Ordinary conversation 3 ft. 65 

Large store 63 

Factory office 63 

Medium store 62 

Restaurant 60 

Residential street 58 

Medium office 58 

Garage 55 



•Each modified by the differences between random and normal free field thresholds. 
fData from G. L. Bonvallet " Levels and spectra of transportation vehicle noise " J. Acous. Soc. Am. 
22.2 (March 1950) 201. 
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Small store 52 

Theatre (with audience) 42 

Hotel 42 

Apartment 42 

House, large city 40 

House, country 30 

Average whisper 4 ft. 20 

Quiet whisper 5 ft. 10 

Rustle of leaves in gentle breeze 10 

Threshold of hearing 

(iii) The measurement of noise in amplifiers* 

(A) Amplifiers for sound equipment 

(based on R.M.A. Standard SE-101-A— Ref. 35). 

This is an interim standard for the measurement of steady-state noise, and of pulse 
noise waves having a peak factor (ratio of peak to r.m.s.) approximating the maximum 
obtainable in speech (20 db). 

Noise level is the level of any noise signals appearing at the output terminals with 
no signal applied to the input. 

The weighted noise level is the noise level weighted in accordance with the 70 
decibel equal-loudness contour of the human ear and expressed in dbm. The weighted 
noise level shall be measured under test conditions specified in Ref. 35. The measur- 
ing amplifier shall be one whose a-f response is weighted with the 70 db equal-loud- 
ness contour in accordance with Curve B of A. S. A. Specification Z24.3-1944 (Ref. 
23) with a standard vu meter as defined by A.S.A. Specification C16.5-1942 (Ref. 19) 
as an indicator. 

A properly weighted amplifier may be obtained by applying a r.c. network with a 
1 millisecond time constant to an amplifier having a frequency response of ± 1 db 
from 50 to 15 000 c/s. This will give an attenuation of 1 db at 300 c/s, 5.7 db at 
100 c/s and 9 db at 60 c/s. 

(B) Audio facilities for radio broadcasting systems 

(Based on R.M.A. Standard TR-105-B— Ref. 33). 

Measurement of steady state noise shall be made with a device having an a-f 
response flat within + 2 db from 50 to 15 000 c/s and having the ballistic characteris- 
tics of the standard vu meter (Ref. 19) but reading the r.m.s. value of a complex wave. 
Measurement of pulse noise conditions has not been included because of lack of de- 
finition and equipment. 

Measurement made oh those instruments incorporating average rather than r.m.s. 
rectifiers will give indications differing in general less than 1 db from the latter due to 
this difference. This is within the overall accuracy ordinarily obtained on this type of 
measurement. 
Audio frequency signal to noise ratio — definition 

The a-f signal to noise ratio is the numerical ratio between the sine-wave signal 
power required for standard output and the noise power measured with zero applied 
signal, received by the rated load impedance from the output of the equipment under 
test, expressed as a power ratio in decibels (Ref. 33). 

(iv) The measurement of radio noise 

Radio noise is any electrical disturbance which excites a radio receiver in such a 
way as to produce acoustical noise. 

" A major objective of radio-noise-meter design is to provide an instrument which 
will give, for all kinds of radio noise, indications which are proportional to the annoy- 
ance factor or nuisance capability of the noise." Instruments complying with the 
specification of the Joint Co-ordination Committee (Ref. 25) are stated to be very 
satisfactory in this regard (Ref. 21). A useful review of the progress made up to 1941 

* For noise audibility test for radio receivers see Chapter 37 Sec. 1 (vi) K. 
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is given in Reference 26 with an extensive bibliography. The equivalent British 
Standard is described in Ref. 27. 

References to noise— 2, 9, 10, 12, 15 (Sect. 10-35), 20, 21, 24 (pp. 419-420,483-487), 
25, 26, 27, 28, 33, 34, 35, 42. 

Bibliography : "The measurement of noise " Jour. Acous. Soc. Am. 11.1 (July 
1939) 117. 
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SECTION 1 : INTRODUCTION 

(*) Types of loudspeakers (») Direct-radiator loudspeakers (iii) Horn loudspeakers 
(iv) Headphones (w) Loudspeaker characteristics (w) Amplitude tf cone movement 
(iw) Good" qualities of loudspeakers (urn) Loudspeaker grilles. 

(i) Types of loudspeakers 

In this chapter the point of view is that of the receiver or amplifier designer, not 
that of the loudspeaker designer. 
Loudspeakers are in three principal groups : 

1. Direct radiators — where the cone or diaphragm is directly coupled to the air. 

2. Horn loudspeakers — where the diaphragm is coupled to the air by means of 
a horn. 

3. Ionic loudspeakers — in which no diaphragm is used. See Refs. 212, 227. 

(ii) Direct radiator loudspeakers 

(A) The moving coil or electro-dynamic type is by far the most popular for 
radio receivers. It has a voice-coil mounted in a strong magnetic field ; the a-f 
output power from the amplifier is passed through a suitable matching transformer 
(see Chapter 21) to the voice coil, and the a-f currents in the coil cause a force to be 
exerted in the direction of the axis of the coil. If the voice coil is free, it will move 
in the direction of the force. The voice coil is loaded by the cone which is (normally) 
firmly fixed to it. 

The magnet may be either an electromagnet or a permanent magnet. In all cases, 
the higher the flux density the greater the efficiency and electro-magnetic damping. 
See Sect. 2 for detailed description. 

(B) The electromagnetic type has two forms, the reed armature and the balanced 
armature. In the former there is a steel reed armature at a short distance from the 
pole piece wound with insulated wire carrying the a-f current, and supplied with steady 
magnetic flux by means of a permanent magnet. In the balanced armature type, 
only the a-f flux flows longitudinally through the armature. Both types require 
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relatively stiff springs to return the armature to the position of equilibrium, so that the 
bass resonance usually occurs at a frequency above 100 c/s. 
Refs. 13, 14, 15. 

(C) The inductor dynamic type differs from the older electromagnetic type 
in that the two iron armatures are balanced so that they lie at rest without a strong 
spring tension. The natural resonance frequence may be about 70 c/s, and the am- 
plitude of movement is about the same as that of a moving-coil type. Ref. 15. 

(D) The piezo-electric (" crystal ") type generally uses Rochelle salt for the 
bimorph elements. It takes two forms, in which the elements either bend or twist 
with the voltage applied between the two electrodes. The crystal has a predominately 
capacitive impedance, the capacitance being of the order of 0.02 /*F. 

The impedance varies considerably with frequency in both scalar value and phase 
angle, so that it is difficult to provide a correct load impedance for the output valve. 
This is not very important with a triode or if another loudspeaker is connected in 
parallel. 

The crystal loudspeaker naturally responds to the higher frequencies, and is some- 
times used as a " tweeter " in a dual or triple speaker system (Sect. 5). In this case 
the response may be maintained roughly constant over the desired band of frequencies 
by a small inductance in series with the primary of the transformer. Crystal loud- 
speakers are not normally used alone. 

Refs. 13, 14, 24, 60. 

(E) The condenser type of loudspeaker usually takes the form of one large solid 
electrode, and a thin movable electrode which is mounted in such a way that it can 
vibrate (usually in sections) without touching the solid electrode. 

Either the solid or the movable electrode may be corrugated ; the movable electrode 
may be of insulating material with a metal foil coating. An alternative form has both 
electrodes flexible (Ref. 22). 

The sensitivity is dependent upon the total area j with 300 to 500 square inches the 
sensitivity may approximate that of an electro-dynamic type. 

The Kyle speaker (Ref. 58) has a capacitance of 0.004 pF for an area of 96 square 
inches. The impedance is predominately capacitive. A high polarizing voltage is 
required for high efficiency and good performance — 500 to 600 volts is usual. 

Condenser loudspeakers are little used at the present time. 

Refs. 13, 14, 15, 22, 58. 

(F) Throttled air-flow loudspeaker — this consists of a mechanical valve, actu- 
ated by an electrical system, which controls a steady air stream, the air flow being 
made proportional to the a-f input current. It is normally limited to very large sizes. 

Ref. 14. 

(iii) Horn loudspeakers 

Any type of driving unit actuating a cone or diaphragm may be given greater acous- 
tical loading by means of a horn, thereby improving the efficiency and power output. 
The horn ceases to have any beneficial effect below a frequency whose value depends 
on the law of expansion and the size of the horn. Horn loudspeakers have considerably 
greater efficiency than direct radiators. For further information see Sect. 4. 

(iv) Headphones 

Headphones (telephone receivers) make use of a diaphragm which is effectively 
sealed to the ear by means of a cap with a central opening. The pressure of the small 
quantity of air enclosed between the diaphragm and the ear drum varies in accordance 
with the displacement of the diaphragm. 

The driving mechanisms of headphones resemble those for loudspeakers. 

(A) Magnetic diaphragm : The a-f force caused by the a-f current in the electro- 
magnet operates direcdy upon a steel diaphragm. The bipolar type is the most 
popular of all headphones at the present time. A permanent magnet supplies the 
steady flux. At frequencies above the second diaphragm resonance the response 
falls off rapidly. Refs. 13, 14, 59, 62. 
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(B) Moving armature type : The principles are the same as for loudspeakers. 
Ref. 14. 

(C) Moving-coil type : This follows the same principles as the loudspeaker, 
and with careful design is capable of greater fidelity and wider frequency range than 
the magnetic types. One model has a response from 10 to 9000 c/s ± 2 db except 
for a dip of 6 db at 4000 c/s. (Ref. 63). Refs. 13, 14, 63. 

(D) Crystal type : The impedance of one model is 80 000 ohms (predominately 
capacitive) at 10 000 c/s. A high resistance may be connected in series to raise the 
low frequency response relatively to the high frequency response. Refs. 13, 64. 

(E) Ribbon type : The principle is the same as for a ribbon microphone. It is 
only used for high-fidelity reproduction. Refs. 13, 14, 65. 

(F) Inductor type : This has been developed to deliver practically constant 
sound pressure to the ear cavity from 50 to 7000 c/s. It has a V shaped diaphragm 
driven by a straight conductor located in the bottom of the V. Refs. 13, 14, 66, 67. 
Correction circuits for magnetic diaphragm headphones 

A typical magnetic diaphragm unit has a pronounced peak slightly below 1000 c/s; 
A circuit for attenuating this peak and thereby giving reasonably uniform response 
is Fig. 20.1 (Ref. 25). 



Fig. 20.1. Tone correction circuit for magnetic 
diaphragm headphones (d.c. resistance 4000 
ohms) giving 15 db bass and treble boost. 
Secondary impedance roughly 500 ohms, 
primary load resistance 10 000 ohms (Ref. 25). 
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(v) Loudspeaker characteristics 

The amplifier designer is mainly interested in a limited number of characteristics. 
Impedance : See Sect. 2(iv) for moving-coil type, and Sect. 4(v)G for horn type. 
All types of electro-magnetic loudspeakers have a somewhat similar form of im- 
pedance characteristic, although the relative values vary considerably. 
Phase angle : See Sect. 2(iv) for moving-coil-type. 

Frequency response characteristic 

This only applies under the strict conditions of the test, particularly generator 
impedance, and is very often misleading. The most serious defect is the existence 
of sharp upward peaks extending higher than say 5 db above the smooth curve, par- 
ticularly in the region from 1500 to 4000 c/s. These are not always shown by the 
published curves, which frequently show signs of having been smoothed. 

Reflections in rooms may result in changes of 15 db or more in level at certain fre- 
quencies, and the shape of the frequency characteristic may be altered out of all re- 
cognition by variations in placement of loudspeaker and microphone, or by a change 
of room. 

It is important to know the source impedance (i.e. the output resistance of the 
amplifier) used in the test. A loudspeaker should always be used with the correct 
source impedance — too low a source impedance may result in loss of low frequency 
response, while too high a source impedance will usually result in over-accentuation 
of a narrow band of frequencies in the vicinity of the loudspeaker bass resonance. 
See Sect. 9(ii) for R.M.A. Standard loudspeaker measurement source impedance. 
Refs. 13, 14, 15, 26 (No. 1), 42, 70. 
Damping 

The source impedance (i.e. the output resistance of the amplifier) also affects the 
damping of the loudspeaker at the bass resonant frequency. One value of source 
impedance will normally (in loudspeakers of high flux density) give critical damping — 
this being the value for no overshoot — while a slightly lower degree of damping may 
be considered as the optimum. Too high a resistance will give insufficient damping 
for good transient response. For further information see Sect. 2(x). 
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Directional characteristics 

The usual frequency response characteristic is measured with the microphone 
on the axis of the loudspeaker, this being the position of maximum high frequency 
response. There is a serious loss of higher frequencies (4000 c/s and above) even 
with the microphone 30° off the axis. 

See Sect. 2(vii) for further information on moving-coil types, and Sect. 4(vii) for 
horn types. 

Refs. 13, 14, 15, 26 (No. 1), 61, 70, 133. 

Non-linear distortion : see Sect. 7(i) and (v). 

Efficiency versus frequency characteristic : see Sect. 2(vi). 

Transient response : see Sect. 7(iii). 

Matching : see Chapter 21. 

Characteristics of cones : see Sect. 2(ii). 

(vi) Amplitude of cone movement 

The peak amplitude of a rigid disc to give an acoustical power output of 0.2 watt 
(equivalent to 6.7 watts amplifier power with a loudspeaker efficiency of 3%) is given 
by the following table. Radiation from one side only is considered (derived from 
Chart No. 61, Ref. 69). 



Diameter 
of cone 


Frequency (c/s) 


1000 


400 


200 


100 


50 


30 


13 in. 
10 in. 

8 in. 

5 in. 


0.0003 
0.0005 
0.0008 
0.002 


0.002 
0.003 
0.005 
0.013 


0.008 
0.013 
0.02 
0.051 


0.03 
0.05 
0.08 
0.21 


0.12 
0.21 
0.32 
0.82 


0.34 in. 
0.58 in. 
0.90 in. 
2.26 in. 



(vii) Good qualities of loudspeakers 

A loudspeaker should have the following good qualities — 

Satisfactory sensitivity 

Broad directivity 

Low distortion over the whole frequency range 

Smooth frequency response 

Balanced response 

Good transient response 

Sufficient damping at the bass resonant frequency 

Adequate power-handling capacity 
Any loudspeaker is necessarily a compromise. It has been demonstrated by Olson 
(Ref. 133) that with cone type loudspeakers, increased sensitivity brought about by 
reducing the thickness of the cone material is accompanied by increased distortion, 
ragged frequency response, bad transient response, and increased " break up " 
effects in the cone. On the other hand, the power output for the same distortion is 
many times greater for the loudspeaker having the more massive vibrating system. 
If increased sensitivity is required, this may be achieved, within limits, by increasing 
the flux density. High flux density has the additional valuable property of increasing 
the damping. 

A prominent peak in the response characteristic at the bass resonant frequency will 
increase the apparent sensitivity of the loudspeaker, particularly with small speakers 
having the bass resonance above 150 c/s. Similarly, prominent peaks in the response 
characteristic above 1000 c/s will also increase the apparent sensitivity, although both 
are features to be avoided for good fidelity. 

When loudspeakers are compared in listening tests, the sound outputs should be 
adjusted to the same level before a comparison is made, because sensitivity is usually 
of secondary importance. Refs. 150, 155, 183. 
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(viii) Loudspeaker grilles 

If the grille cloth is not to reduce sound pressure, its resistance must be small com- 
pared with the radiation resistance of the loudspeaker. The most suitable type of cloth 
is one which is very loosely woven and which has hard threads — cotton or plastic. 
Fuzzy threads increase the resistance of the cloth. Ref. 180. 



SECTION 2 : CHARACTERISTICS OF MOVING-COIL CONE 
LOUDSPEAKERS 

(0 Rigid (piston) cone in an infinite flat baffle (ii) Practical cones (Hi) Special 
constructions for wide frequency range (iv) Impedance and phase angle (v) Fre- 
quency response (vi) Efficiency (vii) Directional characteristics (viii) Field magnet 
(ix) flum bucking coil (x) Damping. 

(i) Rigid (piston) cone in an infinite flat baffle 

A rigid cone is one which moves forwards and backwards like a piston — at low 
frequencies a loudspeaker cone approaches this ideal. The air acts as a load on the 
piston at all frequencies when it is set in an infinite flat baffle. The radiation re- 
sistance per unit area of the piston is approximately constant for frequencies above 

fx = 8 120/ diameter of piston in inches (1) 

In tabular form : 
Diameter of piston 12 10 8 6 4 inches 

Frequency/! 677 812 1015 1353 2030 c/s. 

Below frequency f x the radiation resistance is approximately proportional to the 
square of the frequency. 

For amplitude of cone movement see page 834. 

(ii) Practical cones 

In practical cones the voice coil is mounted towards the apex of the cone and the 
driving force is transmitted through the cone. The cone must be a compromise 
between strength and lightness. A cone for reproducing the low audio frequencies 
should be fairly rigid, and should have a large diameter. If such a loudspeaker is 
tested at high audio frequencies above 1000 c/s it will be found to have a poor response 
owing to : 

1. Large mass, causing poor efficiency at the higher frequencies. 

2. The vibrations tend to take the form of waves radiating from the voice-coil 
outwards through the cone. At the higher frequencies the outer portion of the cone 
may be out of phase with the inner portion, or there may be a phase difference greater 
or less than 180° 

Cones for reproducing a wide frequency range often are designed with corrugations 
to reduce the effective vibrating area at the higher frequencies. Other designers 
achieve a somewhat similar result by a suitable choice of cone material together with 
changes in the thickness or compliance of the material. It is desirable that the material 
for the cone be no harder than is necessary to maintain response up to the highest 
frequency required, in order to give good reproduction of complex tones and transi- 
ents. 

The cone and voice-coil assembly is usually mounted at two points — an annular 
" surround " and a " spider " or centre mounting. Each of these introduces a re- 
storing force which should increase linearly with the displacement. Actual mounting 
systems introduce a non-linear restoring force which usually increases rapidly when 
the displacement is fairly large. The suspension has two characteristics directly 
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affecting the performance of the loudspeaker — compliance and mechanical resistance. 
Compliance is the inverse of stiffness (e.g. the stiffness of a spring), and controls the 
frequency of the bass resonance. The mechanical resistance of the suspension affects 
the Q of the vibrating system, but usually at the bass resonant frequency the damping 
due to the suspension is much less than that due to the output resistance of the ampli- 
fier, except when a high output resistance is used. There appears to be an optimum 
relationship between the stiffness of the cone and the compliance of the rim to 
minimize peaks and troughs in the 1500 to 3500 c/s region. 

Non-linear suspensions are sometimes used with the object of preventing damage 
to the cone through overloading. This procedure causes serious distortion at high 
amplitudes, and the quoted value of " maximum power output " is that capable of 
being handled without the loudspeaker suffering damage. Loudspeakers for good 
fidelity should be capable of handling their full power without exceeding the limits 
of a fairly linear restoring force. These should be rated on the maximum power 
(within certain frequency limits) which they are capable of handling without the dis- 
tortion exceeding a predetermined value. 

As one result of the suspension system, the whole cone assembly tends to resonate 
at the bass resonant frequency. Below this frequency the cone is stiffness-con- 
trolled by the suspension and the output waveform tends to have flattened peaks 
resulting from the non-linear suspension. 

Most loudspeaker manufacturers supply at least two alternative types of cone for 
use with each model — one with a nearly flat response up to 6000 c/s or higher (for 
broadly tuned or F-M receivers or amplifiers), the other with a response peaked in 
the 2000 to 4000 c/s region to compensate for sideband cutting in the receiver. It 
is desirable, in each case, to have a choice between a cone for pentode output (without 
feedback), and one for triode output (or pentode with negative voltage feedback). 

Cones are also available with differing bass resonant frequencies (from below 50 c/s 
to about 225 c/s depending on cone size and application) and differing high frequency 
limits (say 4500 to 8500 c/s for single cone units). Most manufacturers also supply 
special cones to order. It is of the utmost importance for the receiver or amplifier 
designer to investigate the complete range of available models and cones, and to make 
comparative listening tests between different makes, models and cones. 

A loudspeaker using a mttal cone is described in Ref. 225. 

Amplitude and phase measurements on cones are described in Ref. 179. 

References to cones : 1, 13, 15, 16, 19, 23, 40, 54 (Part 4), 84, 133, 179, 225. 

(iii) Special constructions for wide frequency range 

As mentioned above, a simple cone loudspeaker is not capable of giving satisfactory 
performance over a wide frequency range. One solution is to use two or more loud- 
speakers with each designed to cover a limited frequency range or dual or triple 
integral units (see Sect. 5). Another solution is to use some device to extend the 
effective frequency range of a single unit, as described below. 

(A) Multiple single coil, single cone : It is possible to employ two or more 
identical fairly light loudspeakers with fairly small cones, all connected in parallel, 
series or series-parallel and correctly phased. The number to be so connected de- 
pends on the maximum power to be handled at the lowest frequency. All loud- 
speakers operate at all frequencies, and no filter is used. 

(B) Single coil, double cone : This consists of an ordinary voice coil with two 
cones, the smaller cone being firmly fixed to the voice coil, and the larger cone being 
flexibly connected by means of a compliance corrugation. At low frequencies both 
cones move together as a whole, but at high frequencies the small cone moves while 
the large cone remains stationary. 

Refs. 13A, 14, 71. 

(C) Double coil, single cone : This consists of a voice coil in two parts separated 
by a compliance, the smaller being fixed to a single corrugated cone. The larger part 
of the voice coil is shunted by a capacitance to by-pass the higher frequencies. At 
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low frequencies the whole assembly moves together, but at high frequencies the larger 
part of the voice coil remains stationary, and the smaller part drives the cone. The 
corrugations in the cone are designed to decrease the effective cone area at the higher 
frequencies. 

Refs. 13A, 14, 57. 

(D) Double coil, double cone : This consists of a light coil coupled to a small 
cone, the light coil being connected by a compliance to a heavy coil which is firmly 
fixed to a large cone. The heavy voice coil is shunted by a capacitance to by-pass 
the higher frequencies. At low frequencies both voice coils are operative, and the 
whole assembly moves together, but at high frequencies the small cone is driven by 
the light coil, and the large cone and heavy coil remain stationary. This is really 
equivalent to two separate loudspeakers. 

Refs. 13A, 71. 

(E) Duode : This has a light aluminium sleeve as the voice coil former covered 
on the outside by a layer of rubber, over which is wound the voice coil. At high 
frequencies, it is claimed, the relatively heavy voice coil winding remains stationary, 
the aluminium sleeve acting as a one turn coil receiving its power by transformer 
action and driving the cone. Refs. 242, 243. 

(iv) Impedance and phase angle 

The impedance characteristic (e.g. Fig. 20.2) is drawn from measurements made 
on an electrical impedance bridge, or equivalent method, with the loudspeaker mounted 
on a flat baffle. The nominal value is usually taken as the impedance at 400 c/s 
and is reasonably constant from about 200 c/s to about 600 c/s. At lower frequencies 
it rises to a pes*, at the uass resonant frequency snu tuen ions rapidly to the resistance 

of the voice coil at still lower fre- 
quencies ; at higher frequencies it 
rises steadily throughout. 

The impedance at the bass resonant 
frequency is a function of the damping 
of the cone suspension, the height of 
the peak decreasing as the damping is 
made heavier (see Ref. 13A, Fig. 6.31). 
It is also a function of the applied 
voltage, owing to non-linearity of the 
cone suspension. 

If the loudspeaker is mounted 
other than on a flat baffle, the imped- 
ance characteristic at frequencies in 
the vicinity of the bass resonant fre- 
quency may be modified. For ex- 
ample with a vented baffle there are 

normally two impedance peaks 

Sect. 3(iv). 







Tff 




i 










u 










Hi 

u 
z 
< 

o 
til 
a. 

5 




1 




i 




, 




i 

in 




































1 1 
i ll 




! 












i > 










--#**« 


— »»t 


^*r 




















\\ 







IO 


IO' 


IO 




FREQUENCY 


C/S 


FIG. 202. 







Fig. 20.2. Impedance versus frequency 
characteristic of a typical popular loud- 
speaker. 



The impedance at 10 000 c/s is always greater than that at 400 c/s, the ratio varying 
between 1.1 and 10 times. A high ratio is most undesirable with pentode operation, 
with or without feedback, but is of no great consequence with triodes. The im- 
pedance at 10 000 c/s is increased by any leakage inductance in the transformer. 



The equivalent electrical circuit which gives approximately the same imped- 
ance characteristic up to 400 c/s is shown in Fig. 20.3 (Refs. 15, 72). If adjust- 
ments are made in the values of L , R , i? x and C 13 the circuit may be extended to 
higher frequencies. The bass resonant frequency is the parallel resonance of L t and 
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Fig. 20.3. Equivalent electrical circuit providing the 
same impedance characteristic up to 400 c/s as a 
moving-coil loudspeaker. Typical values are L = 
0.0024 H, R = 10 A ohms, L t = 0.018 H,R X = 71.6 
ohms, Ci = 282 fiF. 



FIG. 20.3 
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The impedance so far discussed is called the " free " impedance ; there is also the 
" blocked " impedance which is measured with the voice coil prevented from moving. 
The " motional " impedance is found by a vector subtraction of the " blocked " 
from the " free " impedance. The difference between the free and blocked im- 
pedances is small except in the vicinity of the bass resonant frequency, where the 
motional impedance becomes the major portion of the free impedance (Refs 13, 41). 

Refs. 13, 13A, 14, 15, 26 (No. 2), 36, 37, 41, 47, 70. F|( . 2Q 4 

orf 

Phase Angle : The phase angle versus 
frequency characteristic of a typical mov- 
ing-coil loudspeaker is given in Fig. 20.4. 
The impedance is resistive at two fre- 
quencies only, being capacitive between the 
two points and inductive at lower and 
higher frequencies. The resistive and re- 
active components are shown in Fig. 20.5. 
Refs. 13, 13A, 37, 41, 61. 

(v) Frequency response 

When used on an adequate flat baffle, a 
moving-coil loudspeaker only operates 
satisfactorily at and above the bass resonant 
frequency. The upper limit of frequency 
response rarely extends much beyond 6000 c/s for popular 10 or 12 inch single coil, 
single cone loudspeakers. Any further extension adds appreciably to the cost. If 
wide frequency range is required, there is a choice between a complex single unit- 
see (iii) above— and a multiple unit (Sect. 5). Refs. 13, 13A, 14, 15, 26 (No. 1), 42, 
61, 70. 
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Fig. 20.4. Phase angle versus frequency 
characteristic of a typical popular 
loudspeaker (same as Fig. 20.2). 
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20.3. (A) Resistive and (B) Reactive components of the impedance of a typical 
loudspeaker. Ref. 37. 
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(yi) Efficiency 

Loudspeaker efficiency may be regarded either as the efficiency of the loudspeaker 
itself, or in the form of available power efficiency. 

The efficiency of the loudspeaker itself is the ratio of the radiated acoustical 
power to the electrical input power, and is not influenced by the regulation of the 
power source. The efficiency of moving-coil cone loudspeakers on large flat baffles 
varies from about 2% to 10% at 400 c/s, depending on the design and on the flux 
density, 3% being a typical average. The maximum possible electro-acoustical 
efficiency is given by (Fig. 20.7) 

Vma* = * S /(Ko + *2 + RJ _ (2) 

and the electro-mechanical efficiency is given by 

lem = (R2+ RzV(R, +Ri+ R 3 ) (3) 

where R = blocked (d.c.) resistance of voice coil 

R 2 = equivalent radiation resistance 
and R 3 = equivalent factional and eddy current loss resistance. 

The electro-acoustical efficiency is always less than the electro-mechanical efficiency 
owing to the losses represented by R 3 . It is possible to measure the electro-mechani- 
cal efficiency fairly readily because (R 2 + -^3) is the motional resistance, and 

CR 2 + R 3 ) = free resistance — R (4) 

but the accuracy is very poor except at frequencies in the region of the bass resonant 
frequency. 

The available power efficiency is usually defined as the electrical power avail- 
able to the load when the loudspeaker is replaced by a resistance equal to the rated 
load impedance with a constant voltage applied in series with the loudspeaker measure- 
ment source impedance (see pp. S12, S74-S76). The electrical power W A s avail- 
able to the loudspeaker is 

W AS = E G *R SR /(R SG +R SP f 
where E G = r.m.s. value of constant source voltage 

R sR = loudspeaker rating impedance 
and R so ~ loudspeaker measurement source impedance. 

If R SG = 40% of R SR (as in SE-103, see page 874), then the power available to 
the load will be half that when R SG = 0. Maximum available power efficiency 
occurs at the bass resonant frequency if the baffle is sufficiently large and if the ampli- 
fier output resistance is fairly high, but if the output resistance is low, the available 
efficiency may be less at this frequency than at some higher frequency. The avail- 
able power efficiency /frequency characteristic at low frequencies is affected by the 
type of baffle — see Sect. 3(iii) and (iv). 

fig. 20.7 Fig. 20.7. Equivalent circuit for power 

_i°_ Ro R a r j ,9 m considerations, at frequencies above the 

o-nnPS^s*w ^^-^Hh bass resonance. The values of R 2 , R, and 

C„, are not constant with change of fre- 
quency. 



Refs. to efficiency, 13, 13A, 14, 15, 36, 43, 54 (Part 3), 56, 70, 71, 74, 95, 121, 156. 

References to equivalent circuits, 13, 13A, 15 (page 135), 41, 43, 54 (Part 3), 59, 75, 
166, 188. 
(vii) Directional characteristics 

At low frequencies (up to 400 c/s for a 10 inch cone) a cone has only very slight 
directional characteristics. The angle of radiation from a flat disk 10 inches in dia- 
meter for a decrease of 4 db in sound pressure as compared with that on the axis is : 
Frequency 678 1355 2710 5420 c/s 

Angle (approx.) 180° 70° 35° 18° 

In practice it is possible to improve the angle of radiation by various expedients. 
One is to fit a deflector or diffusing lens (Ref. 120) so as to spread the higher frequency 
waves. Another is to use corrugations (compliances) in the cone so that only a small 
central area is vibrating at the higher frequencies. A further expedient is to use two 
co-axial loudspeakers and a frequency dividing network, the high frequency unit 
having some form of deflector. The ordinary popular loudspeaker is highly direc- 
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tional at high frequencies, but the best of the expensive designs are capable of 120° 
radiation up to 15 000 c/s (Refs. 36, 61). 

General references : 13, 14, 15, 54 (Part 2), 70. 

(viii) Field magnet 

Field magnets may be either electro-magnets or permanent magnets. In either 
case the requirement is to provide the greatest possible flux density in the air gap. 
Fidelity loudspeakers should have a uniform field up to the limits of movement of 
the voice-coil , cheaper models are usually lacking in this respect. Alternatively 
the voice coil may be longer than the gap length (Ref. 15). 

Permanent magnets have advantages in that they have lower heat dissipation, 
leading to a lower ambient temperature for the voice coil, and the voltage drop across 
a suitable choke is less than that across the field coil. 

Increasing the flux density increases the efficiency, the output and the damping ; 
it reduces the rise of impedance at the bass resonant frequency. There is an optimum 
value of flux density to give the most nearly uniform frequency response (Ref. 56, 
Fig. 3). 

(ix) Hum-bucking coil 

Some electro-magnetic fields are fitted with a hum-bucking coil connected in series 
with the voice coil such that the field coil induces equal hum voltages in the voice 
coil and hum-bucking coil. By connecting the hum-bucking coil and the voice coil 
in series opposition, the hum due to ripple in the field is minimized. 

(x) Damping 

Damping on a loudspeaker is partly acoustical, partly frictional, and partly electro- 
magnetic. The electro-magnetic damping is a function of the effective plate resistance 
of the power amplifier. 

With a direct radiator loudspeaker on a flat baffle the 
damping is slight, except in the vicinity of the bass resonant 
frequency, where the electro-magnetic damping may be- 
come quite large. The equivalent circuit at the bass re- 
sonant frequency is given by Fig. 20.8, which is identical 
with Fig. 20.3 except that L has been omitted as being 
negligibly small, and R G has been added to allow for the 
damping effect of the amplifier output resistance. R t is 
the damping resistance equivalent to the combined effect 
of friction and acoustical loading on the cone. R is equal 
to the resistance of the voice coil plus that of the secondary 
of the transformer and leads plus that of the primary re- 
ferred to the secondary. R G is the effective plate resistance 
of the valve referred to the secondary. Any reduction 
in R G below about one fifth of R n has only a very small 
effect ou the Q of the tuned circuit. 
At the bass resonant frequency, the Q of the tuned circuit is given by — 




FIG. 20. 8 

Fig. 20.8. Equivalent 
circuit of loudspeaker 
at bass resonant fre- 
quency, showing damp- 
ing effect of amplifier 
output resistance R G . 



Case 1 — R G is infinite Q 
Case 2— R G =0 Q 



U) C l 



RlR 



Case 3 — general 



Q 



JoQ 



Ri + R 
R^Ro + R G ) 



R x + R + R G 
where w is angular velocity at the bass resonant frequency. 
Critical damping is defined* as given by Q = 0.5. 
Hence for critical damping, 



R = *J_±Jk_Z_ 
G 2«> C 1 i? 1 



2a) C 1 i? 1 /?o 



1 



(5) 



♦See " American Standard Definitions of Electrical Terms " A.S.A. C42— 1941 (05.05.365) : also 
C. E. Crede " Vibration and Shock Isolation " John Wiley & Sons, Chapman & Hall Ltd. 1951, p. 171, 
and other textbooks on vibration. However some engineers take Q = 1 as critical damping. 
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From Fig. 20.8 it will be seen that critical damping is only possible with a positive 
value of R G when R is not too high, that is to say with loudspeakers having fairly 
high efficiencies, since the values of L^ and Cj are functions of the flux density. The 
damping of any loudspeaker may be increased by increasing the flux density. 

In general, there is no advantage in using greater than critical damping. 

With enclosed cabinet loudspeakers as a result of the effect on frequency response, 
the value of Q should not fall below 1, and the most desirable all-round condition 
appears to be with Q from 1.0 to 1.5 — see Sect. 3(iii). 

Alternatively, if the impedance is carefully measured and the impedance curve 
plotted over the region of the bass resonant frequency, the frequencies of the two 
half-power points may be noted, and the Q of the loudspeaker may be computed from 
the relation 



Q ~ WAz« + rJ 



(6) 



K2Af)\Z m + R G 
where f = bass resonant frequency 

2Af = band width at half power point (3 db below maximum impedance) 
R = voice coil resistance 

Z m = maximum value of the impedance (i.e. at /„) 
and R G = effective plate resistance, referred to the secondary. 

The measurements of frequency during this test are somewhat critical. The article 
by Preisman (Ref. 146) gives further details, although it does not derive eqn. (6) in 
this form. 

The majority of direct radiator loudspeakers 
have values of Q between 8 and 18 with a 
high valve plate resistance, although this may 
be decreased very considerably with a low 
effective plate resistance. Tests have been 
carried out to demonstrate the effect of a low 
plate resistance on the damping of a loud- 
speaker at the bass resonant frequency (Refs. 
13A Fig. 6.30, 126, 132). 

While there is no doubt that it is desirable 
to achieve a near approach to critical damping, 
the results are very much masked by the 
effects of the listening room which behaves as 
a resonant structure. In one case a room 
showed 8 resonances below 100 c/s, with Q 
values of the order of 12 to 15, and all above 
8 (Ref. 155). 

There are some loudspeakers in which 

the efficiency is too low to permit sufficient 

damping by reduction of the effective plate 

resistance. In these cases improvement 

in the electrical damping is possible by the use of positive current feedback combined 

with negative voltage feedback which can make the effective plate resistance zero or 

negative (Refs. 157, 158, 200, 201). 

Alternatively, the e.m.f. generated by the movement of the cone may be fed back 
degeneratively to the input of the amplifier. One method of achieving this result is 
to arrange a special bridge circuit (Fig. 20.9) to provide the voltage to be fed back. 
The amplifier must have good characteristics with very low phase shift. This has 
been used satisfactorily over a frequency range from 10 to 1000 c/s, using a standard 
12 inch loudspeaker, whose coil velocity was made proportional to input amplitude 
and completely independent of frequency (Refs. 184, 186, 148B, 191, 198). 




Fig, 



FIG. 20.9 

20.9. Bridge circuit to give a 



voltage proportional to the velocity of 

the cone, to be fed back to the input. 

(Ref. 184). 
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Another method is to wind a separate feedback coil of very fine wire over the 
existing voice coil in a conventional loudspeaker. The voltage induced in this coil 
by the motion of the voice coil is a pure motional voltage at most frequencies. This 
voltage may be used as a feedback voltage to increase the damping and to reduce 
distortion arising from non-linearity of the cone suspension and from fringing of the 
magnetic field. 

At very high audio frequencies the mutual inductance between the driving voice 
coil and the feedback coil produces in the feedback voltage a component which is 
dependent on the induction between the coils rather than on the motion alone. This 
difficulty is overcome by incorporating additional mutual inductance equal in value 
but of opposite sign, between the voice coil and feedback circuits at a point external 
to the magnetic field (Ref. 148). 



SECTION 3 : BAFFLES AND ENCLOSURES FOR DIRECT- 
RADIATOR LOUDSPEAKERS 

(i) Flat baffles (ii) Open back cabinets (tit) Enclosed cabinet loudspeakers (iv) 
Acoustical phase inverter (" vented baffle ") (v) Acoustical labyrinth loudspeakers 
(vi) The R-J loudspeaker (vii) Design of exterior of cabinet. 

(i) Flat baffles 

The baffle is intended to prevent the escape of air pressure from the front to the 
back of the cone, which is out of phase at low frequencies. In many theoretical 
calculations an infinite flat baffle is assumed, but in practice a baffle is only made just 
large enough to produce the desired results. When the air distance around the baffle 
from front to back of the cone is equal to the wavelength, there is a dip in the response. 
For this reason, baffles are frequently made of irregular shape or the loudspeaker is 
not mounted in the centre, the object being to produce air distances from front to 
back of the cone which vary in a ratio at least 5 : 3. For example, with a 4 ft. square 
baffle and a 10 in. cone, the centre of the cone may be 18 inches from each of two 
adjacent sides. 

The size of a square baffle, with the loudspeaker mounted off-centre, for desired 
bass response is given approximately by the following table for a 10 inch diameter 
cone (Ref. 13A) : 

Minimum frequency 300 170 80 c/s 

Side of square 2 4 8 feet 

Below this minimum frequency, and below the loudspeaker bass resonant fre- 
quency, the response falls off at the rate of 18 db/octave. 

The best flat baffle is provided by mounting the loudspeaker in a hole in the wall 
of a room, with the rear of the cone radiating into another room. 

In a very large flat baffle, a loudspeaker which has a sufficiently high Q will have 
a peak in the response characteristic at, or somewhat above, the bass resonant fre- 
quency ; below the peak frequency the attenuation is at the rate of 12 db/octave. 
Refs. 13, 13A, 14, 15 (Part 2), 75, 147, 151, 177. 

(ii) Open back cabinets 

An open back cabinet, as commonly used with radio receivers of the console, table 
or mantel type, has a resonance in the enclosure to the rear of the cone. This resonance 
causes a peak in the response characteristic at a frequency which is mainly a function 
of the cabinet although also influenced by the loudspeaker characteristics. For 
example, a cabinet 2 feet x 2 feet x 8 inches depth gave peak response at 180 c/s 
with a loudspeaker having a bass resonant frequency of 20 c/s, while the same cabinet 
gave a pcaK response at nu c/ s witu a lOUuspeaKer uavmg a bass resonant frequency 
of 100 c/s. (Ref. 13A, Figs. 6.19B and 6.20B). The height of the peak is about 
3 to 6 db for shallow cabinets or about 6 to 10 db for deep cabinets. 
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Open back cabinets are undesirable for good fidelity. If unavoidable, they should 
be as shallow as possible, with the minimum of acoustical obstruction, particularly 
at the back of the cabinet. Open back cabinets should be placed at least 6 inches 
out from the wall. 

References to open back cabinets : 13A, 14, 147, 151, 188. 

(iii) Enclosed cabinet loudspeakers 

An enclosed loudspeaker is one which is totally enclosed so that there can be no 
interference between the front and back of the cone. There is no critical value for 
the volume of the enclosure but a large volume is desirable because it reduces the rise 
in resonant frequency above that on a large flat baffle. The increase in resonant 
frequency for Jensen speakers is shown in Fig. 20.10 and may be taken as fairly 
typical There is practically no non-linear distortion caused by the suspension, since 
this only contributes a small part of the total stiffness. 
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FIG. 20. 10 



Fig. 20.10. Increase in resonant frequency of totally enclosed cabinet loudspeaker 

versus cabinet volume. For each nominal speaker size, the upper limit of the shaded 

area corresponds to speakers with highest compliance, while the lower limit corresponds 

to those with least compliance. {Ref. 151). 



The enclosure should be adequately damped by at least f inch thickness of damping 
material all over (or double this thickness on one of each pair of parallel surfaces), 
although this is insufficient to eliminate standing waves at low frequencies. 

The ineffectiveness of sound absorbent linings at low frequencies is due to the fact 
that all the absorbent material lies within a small fraction of a wavelength of the inner 
wall, which is a velocity node. Without motion of the air particles, or of the material 
itself, acoustical power cannot be absorbed and dissipated. Shorter (Ref. 135) has 
examined the problem of standing waves, and puts forward the method of damping 
by partitions, concentrating the absorbing material (| inch carpet felt) into one or two 
partitions strategically placed across the cabinet. Those sections of the cabinet which 
are separated from the cone by one or more sound absorbing partitions receive little 
sound at the high frequencies and therefore require very litde acoustical treatment. 
The loudspeaker back e.m.f. may be measured by a bridge circuit and should show 
a single peak without subsidiary peaks over the range from 30 to 200 c/s. 
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It is desirable for the enclosure to have appreciably different values of linear dimen- 
sions — typical ratios are 1 : 1.5 : 2.7. However, the longest dimension should be 
less than % of the wavelength at the lowest working frequency. The enclosure should 
have rigid walls — timber at least £ inch thick, and braced where necessary. 

One limitation of the enclosed cabinet loudspeaker is the bass attenuation 
which occurs with critical damping, although this only happens with high flux density 
and low amplifier output resistance — see below under Equivalent Circuit. 

Some loudspeakers have been designed specially for use with enclosed cabinets. 
These usually have very low bass resonant frequencies, when measured on a flat 
baffle, so that when loaded by the enclosure, the resonant frequency is still sufficiently 
low. 

The volume of the cabinet is given below for some examples : 



Western Electric 755A 


8 in. 


70 c/s 


2 


cubic feet 


„ 756A 


10 in. 


65 c/s 


2i 


33 33 


» 754A 


12 in. 


60 c/s 


3 


33 33 


Goodmans " Axiom 80 " 


9Jin. 


* 


3* 


33 33 


R.C.A. (Ref. 84) 


peak 


at 80 c/s 


1.5 


33 33 


Stromberg-Carlson 


8 in. 




1.7 


»3 33 




12 in. 




3.9 


33 33 



Equivalent circuit 

Fig. 20.11 is a simplified electrical equivalent circuit of the acoustical system of the 
loudspeaker (Ref. 135). 

L v represents cone mass + effect of radiation reactance. 
R v represents radiation resistance (which varies with frequency)!. 
C c represents acoustical capacitance of cabinet volume. 
Cfj represents equivalent capacitance of cone suspension. 
R s represents effect of electrical circuit of loudspeaker and driving amplifier 
reflected into acoustical circuit. The mechanical resistance of the cone sus- 
pension may be taken as being included with R s . 
E s • = constant voltage generator. 

I L , — alternating air current produced by cone, which is proportional to cone 
velocity. 

B 2 

Now R o oc ; — — at low frequencies 

Re "<" ^° 
where B = flux density in gap, 

R G — output impedance of amplifier referred to voice coil circuit, 
and R — resistance of voice coil. 

The acoustical response of the loudspeaker is proportional to l v f. 

The voltage E w = litfLyly cc I v f cc acou- 
stical response. Therefore the variation with fre- 
quency oiE LU , for any one value ofL v , gives the fre- 
quency response of the loudspeaker. Over the 
frequency range for which the equivalent circuit is 
valid, and the wavelength is large compared with the 
size of the cone, the loudspeaker can be reduced — so 
far as frequency response is concerned — to a half- 
section high-pass filter working into open circuit. 
Small values of R s , resulting from low flux density or 
high amplifier output impedance, give a resonance 
peak and bad transient response, while large values of 
R s , corresponding to high flux density and low ampli- 
fier output impedance, can give a serious loss of bass. 
Fig. 20.12 shows curves for three values of R s 
and hence for three values of Q, for a resonant frequency of 45 c/s. This indicates 
that values of O less than about 1 result in serious attenuation of low freqi 

•Resonance 17 c/s on flat baffle. 

fNote that Rjj is small compared with other impedances in the circuit. 




Fig. 20.11. Equivalent elec- 
trical circuit of acoustical ele- 
ments in an enclosed cabinet 
loudspeaker at low frequencies . 
(Ref. 135). 
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FIG. 20.12 

Fig. 20.12. Theoretical response of enclosed cabinet loudspeaker for various values 
of the effective damping resistance R s . Resonance frequency 45 c/s. (Ref. 135). 
References to enclosed cabinets : 13A, 29, 36, 80, 81, 84, 116, 116A, 135, 147, 

151, 166, 168, 188. 

(iv) Acoustical phase inverter ("vented baffle") 

Also known as a bass reflex baffle. 

This has a vent* or duct in the front of the cabinet which augments the direct 

radiation from the cone at low frequencies (Fig. 

20.13). The box should be at least partially lined 

20-^ with sound absorbent material to absorb the 

^ \. higher frequencies, but should not be too heavily 

\\ V damped at frequencies below about 150 c/s. 

\ The cabinet should be strongly made of heavy 

6 j timber with adequate bracing to prevent vibration. 

Many cabinets which have been built for 

this purpose are partially ineffective as the 

INCH PADDING ON ALL 
INSIDE FACES 





4 HOLES ,-^DIA. 



EQUISPACED ON 
!! l" P.O. DIA. 




FIG. 20.13 



SECTION A-A 



Fig. 20.13. Typical corner cabinet with vented baffle, designed for a Goodmans Axiom 
12 inch loudspeaker with a bass resonant frequency oj 55 c/s, which can be used with 
a speaker resonant at 75 c/s by removing the tunnel. Cubic capacity about 8000 

cu. ins. = 4.6 cu. ft. (Ref. 182). 

•An alternative form uses several tuned resonators from the inside to the outside of the cabinet (Ref. 18). 
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FIG. 20.14 



F&. 20.14. Curves showing tunnel length for 10, 12, 15 cwrf 18 i'mcA Goodmans loud- 
speakers with bass resonant frequencies from 20 to 100 c/s. (Ref. 182). 
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result of wall vibration under the extremely arduous conditions of operation. Other 
materials which have been used satisfactorily include brick and concrete. 

Vented baffles are normally designed so that the loudspeaker bass resonant fre- 
quency is matched to the acoustical resonant frequency of the cabinet ; unmatched 
combinations are, however, also used. 

(A) Matched vented baffles 

The merits of the vented baffle, when correctly applied, include 

(1) improved bass response, 

(2) much reduced amplitude of movement of the cone at the resonant frequency, 
and hence reduced distortion at the same power output or increased power 
handling capacity for the same distortion, 

(3) decreased peak electrical impedance, 

(4) increased acoustical damping over a limited range of low frequencies (not 
including the vent resonance), 

(5) increased radiation resistance and decreased reactance of the loudspeaker 
at low frequencies. 

The vented baffle appears to be preferred by most engineers to the acoustical 
labyrinth, even apart from cost. 

The vent area should normally be the same as the effective radiating area of the 
cone, and the curves in Fig. 20.14 are based on this relationship. Thus the cross- 
sectional area of the tunnel is given by ttR 2 where R is the radius of the piston equiva- 
lent to the speaker cone at low frequencies. The tunnel may have any length from 
the thickness of the timber (i.e. when no tunnel, as such, is constructed) to a maximum 
of approximately one twelfth wavelength, indicated by the broken curves in Fig. 20.14 ; 
consequentiy the area to the right of the broken curves should not be used. 

A reasonable length of tunnel enables a smaller enclosure to be used, but the space 
between the end of the tunnel and the rear of the cabinet should not be less than R. 
The volume occupied by the loudspeaker must be added to the volume derived from 
the curves to obtain the volume of the enclosure. If the volume of the loudspeaker 
is not known, the following approximation may be used : 

Volume displaced by loudspeaker : 

Loudspeaker dia. 8 10 12 14 16 18 ins. 

Volume (approx.) 250 400 650 1000 1600 2300 cu. ins. 

Also add volume displaced by internal timber bracing. 

Note that no allowance should be made for the thickness of the damping material. 

The curves for the volume of the cabinet are derived from the relationship 
ri.84 x 10 8 1 r "l 

where V = volume in cubic inches, 

R = radius of equivalent piston in inches, 

L = length of tunnel in inches 

and co = 2-n- x frequency of vent resonance. 

When correctly designed a vented baffle loudspeaker has two impedance peaks, 
one above and one below the vent resonance, while the same loudspeaker on a flat 
baffle has only one impedance peak — see Fig. 20.15. In all cases where optimum 
performance is desired, the electrical impedance characteristic below 150 c/s should 
be measured using a constant current source and a voltmeter. The ratio of the two 
peak frequencies should not exceed about 2.4 : 1 nor be less than about 1.5 : 1 and 
any subsidiary peaks caused by standing waves should be removed by the addition 
of damping material (as for the enclosed cabinet above ; see also Fig. 20.17). 

Tests for acoustical output should not be made until the cabinet dimensions and 
damping have been adjusted to give the correct impedance characteristic, in general, 
with a vented baffle the bass range over an octave or more is increased by several 
decibels over either a very large baffle or an enclosed cabinet loudspeaker. 

The power gain may be greater than 3 db since the air loading of the cone may be 
increased appreciably over the lower octave of the frequency range. For about one 
third of an octave above and below the resonant frequency of the system, the, greater 
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30 40 60 

FREQUENCY C/S 

Fig. 20.15. Impedance versus frequency characteristics of a 12 inch loudspeaker 

(1) in free air (2) on a flat baffle and (3) in a vented baffle. Curve (4) shows two 

" staggered " vented baffle loudspeakers in parallel (measured). 

part of the energy is radiated by the port. Phase shift occurs suddenly at the re- 
sonant frequency, so that the radiation below this frequency is reduced, being the 
vector difference between the two sources. 

At the resonant frequency, the air in the vent or tunnel moves vigorously while the 
acoustical impedance on the rear of the cone is resistive and reaches a maximum. 

At the frequency of the vent resonance, the motion of the speech coil is so small that 
no appreciable electrical damping can take place and there is no danger of bass attenua- 
tion such as may occur with the enclosed cabinet or flat baffle. The energy dissipated 
by mechanical resistances and by the radiation of sound is generally small, so that the 
vent resonance on which the maintenance of the bass response depends, is quite lightly 
damped. For this reason, when good fidelity is required, the vent resonance fre- 
quency should not be greater than 60 c/s. (Ref. 135). 

A corner speaker cabinet for 15 inch cones is described in Ref. 100, while one 
for 12 inch cones is described in Ref. 105. These both employ a vented baffle arrange- 
ment with the vents on both sides of the cabinet, between the cabinet and the walls. 

Equivalent circuit (Ref. 135) 

The Fig. 20.16 is a simplified electrical equivalent circuit 
of the acoustical system and is based on Fig. 20.11 with the 
addition of R v representing the radiation resistance of the vent, 
and L v , the acoustical inductance of the vent plus the effects of 
its radiation reactance. Let f v be the frequency of the vent 
resonance (i.e. the resonance of L v and C c ) and assume that 
the cone resonant frequency is the same. Below f v , the series 
combination L V C V appears as a capacitance and the parallel 
combination L V C C as an inductance, and the overall effect is to 
produce a series resonance at some frequency f x in this region. 
At frequencies above f v , L V C V appears inductive and L V C C 
capacitive, and a second series resonance appears at some fre- 
quency/^ The resonances at/ x and/ a are responsible for the 
characteristic double hump in the electrical impedance fre- 
<ruenc v characteristic of \ 







circuit damping represented by R s . 
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FIG. 20.16 

Fig. 20.16. Equiva- 
lent electrical circuit 
of vented baffle 
loud-speaker at low 
frequencies. (Ref. 
135). 
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Jj, and ip represent the alternating air current flow in the cone and vent respectively. 
I v originates at the back of the cone and I v must therefore be reversed in phase with 
respect to I v if the acoustical output of the vent is to reinforce that from the front of 
the cone. At f v , the frequency of the vent resonance, I u and I v are approximately 
in quadrature ; above f v the desired reinforcing condition is approached, but below 
f v the two air currents oppose one another. 

The performance of the system is determined by the value of f v , which is normally 
made equal to the loudspeaker bass resonant frequency, and also by the ratio L v /C c . 
With a large cabinet and large vent (C c large, L v small) the response can rise to a 
peak in the bass, while a small cabinet and a small vent (C c small, L v large) will give 
much the same effect as a completely closed cabinet, i.e. there may be bass loss. 
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FIG. 20 . 17 

Fig. 20.17. Free-air axial response of a vented baffle loudspeaker and corresponding 
impedance characteristics (a) conventional damping (b) optimum damping (c) excessive 

damping of partition. (Ref. 135.) 
Between these two extremes, there will be a pair of values for L v and C c which gives 
the best approximation to a flat frequency response. The cabinet volume required 
for this last condition depends on the efficiency of the loudspeaker unit and the output 
impedance of the amplifier. Fig. 20.17 shows the response and impedance charac- 
teristics of a 15 inch unit in a 10.5 cu. ft. cabinet. Curves (a) are for the cabinet lined 
with kapok quilt and carpet felt, with internal space left free ; a serious internal 
resonance shows at about 120 c/s. Curves (b) show how this resonance was sup- 
pressed by introducing into the cabinet a partition having a window of area about 
170 sq. ins. covered with three layers of J in. carpet felt. This damping does not 
seriously affect the frequency response but it suppresses the lower frequency impedance 
hump. Curve (c) shows the effect of too many layers of felt on the window. In 
this case the design aimed at a nearly level frequency characteristic down to 50 c/s. 

See also Ref. 211 for other form of equivalent circuit. 
(B) Unmatched vented baffles 

Unmatched vented baffles preferably incorporate a loudspeaker having a very low 
bass resonant frequency. The cabinet is designed quite independently of the loud- 
speaker and may, if desired, be fitted with an adjustable vent. In the latter case 
the maximum vent area may be somewhat greater than the loudspeaker cone area, 
while in the other extreme the vent may be completely closed. Using a cabinet 
2 ft. x 2 ft. x 18 ins. (volume 6 cu. ft.) and a loudspeaker with a bass resonant fre- 
quency of 30 c/s, the frequency of maximum acoustical pressure increases from 40 
to 60 thence to 75 c/s as the vent area is varied from small to medium to large respec- 
tively. The height of the maximum response above that at 400 c/s rises from 4 db 
(small vent) to 6 db (medium vent) thence to 8 db (large vent) (Ref. 13A). 

In other cases a loudspeaker is used which has a bass resonant frequency of con- 
ventional value, but here also the vent frequency is higher than the loudspeaker bass 
resonant frequency. This permits the use of a smaller cabinet while still retaining 
some of the good features of a matched vented baffle, although it is not so good on 
transients. In all cases an adjustable vent area is desirable. Tunnels are not gener- 
ally used, since they give no flexibility of adjustment. 

The vent frequency should not exceed (say) 90 c/s, otherwise the tone will be poor. 
This limits the reduction in cabinet volume to about 2\ cubic feet. 
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The shape of the cabinet, as well as its volume, affect its frequency response and 
impedance characteristics. For example, a change from 30 ins. x 15 ins. x 8 ins. 
to an equivalent volume 15 ins. x 15 ins. x 16 ins. caused an increase from 45 to 
58 c/s in the lower impedance peak and from 75 to 110 c/s in the higher peak (Ref. 
117). In the cubic shape of cabinet the addition of an internal partition between 
loudspeaker and vent, extending approximately half-way from front to back, causes a 
reduction in the frequencies of both impedance peaks, and is claimed to give improved 
results on both speech and music (Ref. 117). 

Careful attention to damping, along the lines given above for both enclosed cabinets 
and matched vented baffles, would be well repaid. 

(c) Special types of vented baffle loudspeakers — see Supplement. 

Refs. to vented baffles : 4, 9, 12, 13, 13A, 29, 36, 76 ("Part 2), 85, 96, 113, 116, 116A, 
117, 118, 135, 143, 144, 147, 150, 151, 166, 168, 175, 182, 188, 202, 209, 211, 225, 
229, 230. 

(v) Acoustical labyrinth loudspeaker 

The acoustical labyrinth gives a performance somewhat similar to that of a vented 
baffle. The rear of the cone drives a long folded tube, lined fig. 20.18 

with sound absorbing materials, the mouth of which opens in 
front of the cabinet (Fig. 20.18). The length of the tube is 
approximately 7 feet (measured on the centre-line) for nearly 
linear response down to 70 c/s. The loudspeaker bass re- 
sonance loaded by the labyrinth is preferably at a frequency at 
which the wavelength is four times the length of the tube ; in 
the example this is 40 c/s. If this latter condition is not ful- 
filled, the frequency response will not be linear. The loud- 
speaker resonance frequency in the example was reduced from 
50 to 40 c/s by the loading of the labyrinth. This is the only 
form of baffle which reduces the bass resonant frequency of a 
loudspeaker. The rise of impedance from 400 c/s down to the 
bass resonant frequency is reduced considerably by the acous- 
tical labyrinth — in one case the ratio was reduced from 10 : 1 to 
4.3 : 1 (Ref. 27). 

References 13, 14, 27, 28, 188, 204, 225 Pan 2. 

(vi) The R-J loudspeaker 

The R-J loudspeaker has a particularly compact bass unit, to which any desired 
tweeter can be added. In one design a 15 inch woofer unit is mounted in a cube with 
18 inch sides and fundamental bass reproduction is claimed down to 20 c/s. Only 
the forward radiation is used, but both sides of the cone are loaded. The back of the 
speaker is completely enclosed within a small stiff cavity. The front of the woofer 
works into a carefully designed rectangular duct, and the sound issues from a slot 
extending across the base of the enclosure. 

Refs. 189, 190, 219, 234. 

(vii) Design of exterior of 
cabinet 

The sharp corners on the usual more- 
or-less box shaped cabinet, particularly 
those of the side in which the loud- 
speaker is mounted, produce diffraction 
effects causing a sequence of peaks and 
valleys up to ± 5 db in the response 
characteristic. The best shaped en- 
closure is a complete sphere, while the 
worst is a cube with the loud-speaker 
in the centre of one side. A rectangu- 
lar parallelepiped (box shaped) with 
the loudspeaker closer to one of the 
short sides than to the other is an im- 



Fig. 20.18. Sec- 
tional view of 
acoustical labyrinth 
loudspeaker. 
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Fig. 20.19. Loudspeaker enclosure to 
minimize diffraction effects (after Ref. 193). 



*"Acoustical Labyrinth" is a registered trademark of Stromberg-Carlson Co. 
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provement over the symmetrical cube, but still far from the ideal. A very close ap- 
proach to the ideal is given by a rectangular truncated pyramid mounted on a rect- 
angular parallelepiped (Fig. 20.19) Ref. 193. 

In all cases it is desirable that the edge of the cone should be flush with the front 
of the cabinet. 



SECTION 4 : HORN LOUDSPEAKERS 

(*') Introduction (») Conical horns (Hi) Exponential horns (iv) Hyperbolic 
exponential horns (v) Horn loudspeakers — general («) Folded horn loudspeakers 
(tw) High frequency horns (v*») Combination horn and phase inverter loudspeakers 
for personal radio receivers (ix) Materials for making horns. 

(i) Introduction 

A horn is used in conjunction with a diaphragm or cone loudspeaker for the pur- 
poses of increasing the acoustical loading on the diaphragm (over a limited frequency 
range) and thereby increasing the efficiency and reducing non-linear distortion. 
With a horn, inside the useful frequency limits, the movement of the diaphragm is 
much less and the acoustical damping is much greater than on a flat baffle, for the 
same acoustical power output. Thus with a horn, a smaller diaphragm can radiate 
a given acoustical power. 

A horn is essentially a device which transforms acoustical energy at high pressure 
and low velocity to energy at low pressure and high velocity. 

Horns are of various shapes — conical, parabolic, hypex and exponential, but the 
exponential is most widely used. 

A well designed and well executed exponential or hypex horn loudspeaker is capable 
of giving a flatter frequency output characteristic with less distortion than any other 
form of loudspeaker. 

References 13A, 14, 15, 59, 82, 142, 177, 188. 

(ii) Conical horns 

A conical horn is one having straight sides ; it functions in a manner similar to an 
exponential horn but its throat resistance is less than that of an equivalent exponential 
horn, except at high frequencies. Conical horns are sometimes used with cone 
type loudspeakers to give directional characteristics ; the angle of propagation is 
then approximately equal to the angle of the horn. 

Conical horns are sometimes used, for economy, as the first section at the throat 
end, with an exponential horn forming a second section at the mouth end. This 
device is frequently used with folded horns. Sometimes an approach to an exponential 
horn is made with a number of conical sections, each with a different degree of taper. 
All such compromises lead to inferior performance. 

References 13A, 14, 15, 142, 175. 

(iii) Exponential horns 

In an exponential horn, the cross-sectional area (S) at any point distant x feet along 
the axis is given by 

S - 5 €»» (1) 

where S = cross-sectional area at throat (sq. feet) 

e = 2.71828 (Naperian base) 
and m = flaring constant. 
Equation (1) may be put into the form 

S/S = «"*- 
Therefore mx = log e (S/S ) = log 10 (S/S ) x 2.3026. 
If (S/S ) = 2 then mx = 0.3010 x 2.3026 = 0.6931. 
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If (S/So) = 4 then mx = 0.6020 x 2.3026 = 2 x 0.6931. 
We may therefore deduce that 

(1) the cross-sectional area doubles itself each time the distance along the axis 
is increased by 0.6931/m. 

(2) the value of m (in inverse feet) is equal to 0.6931 divided by the distance along 
the axis in feet for the cross-sectional area to double itself. 

This is shown more clearly below where /' = 0.693 l/m : 



Distance along axis 


Cross-sectional area 


x = (at throat) 
x = V 
x = 21' 
x = 31' 


So 

S = 25 

5 = 45 

S = 8S etc. 


The corresponding diameter and side of circular and square cross sections 
are : 


Distance along axis 


Diameter 


Side of square 


x = (at throat) 
x = V 
x = 21' 
x = 31' 
x = 4/' 


do 
1.414J 

2rf 
2.818rf 

4d 


a 
1.414a 

2a 
2.818a 

4a 



The flare cut-off frequency for an infinite exponential horn is given by 
f = m x 89.5 
while the corresponding cut-off wavelength is 

A = 12.6/w 
where m is expressed in inverse feet. 

FIG. 20.80 



Throat 



(2a) 
(2b) 




Fig. 20.20. Exponential horn of either circular or square cross-section. 



Design on basis of minimum useful frequency 

The characteristics below are given as a function of /', the lower frequency limit 
for satisfactory horn loading. The value of/' is arbitrarily taken as 1.2 times the 
flare cut-off frequency for an infinite exponential horn ; it is, of course, influenced 
also by the dimensions of the mouth and the length of the horn. 

The value of m, the flaring constant, should then be equal to or less than 
10.5/A' (2c) 

where A' = wavelength (in feet) of the minimum useful frequency (/') for satisfactory 
horn loading. 
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Minimum useful frequency (/0 
•Maximum useful wavelength (A') 
Maximum value of m 



50 


100 


150 


200 


22.6 


11.3 


7.52 


5.65 


0.47 


0.93 


1.40 


1.85 



c/s 
feet 
inverse feet 



The diameter of the mouth should preferably not be less than one third of the 
maximum useful wavelength, while the effect of resonances at the low frequencies 
may be made negligible by increasing the mouth diameter to two thirds of the maxi- 
mum useful wavelength (A'). Taking the smaller mouth diameter, and referring to 
the minimum useful frequency : 

Minimum circumference = 1.05 A' = 1200//' (3) 

Equation (3) may be applied to any shape of mouth — see table below : 



Circumference (min.) 
Maximum useful wavelength (X) 
Minimum useful frequency (/0 



24 


12 


8 


6 


22.6 


11.3 


7.52 


5.65 


50 


100 


150 


200 



feet 
feet 

c/s 



Horns with circular cross-section 

In this case the equation is 

d = doe™"* (4) 

where d = diameter in feet 
and d = throat diameter in feet. 
Diameter at mouth : d m = d e min (5) 

or a m — d antiiogj (»i//4.605) (6) 

Length : / = (4.605/m) log 10 (djd ) (7) 

For chart see Ref. 39 Chart III. 

Flaring constant: m = (4.605//) log 10 (d m /d ) (8) 

If the minimum useful frequency is taken as/' where/' = 1 .2/ , and if the minimum 
diameter of mouth is taken as one third of the wavelength at frequency/', then m 
may have its maximum value of 10.5/A' and 

Tninimiim diameter of mouth = A'/3 = 380//' (9) 

minimum length = (500//0 log 10 (380//'d ) (10) 

where A' = wavelength in feet at frequency/' 

/' = 1.2/ = 1.2 x flare cut-off frequency 
d = diameter at throat in feet 
and all dimensions are in feet. 
Horns with square cross-section 

These follow the same laws as horns of circular cross-section having diameters 
equal to the sides of the square, but the length and mouth dimensions are slightly less 
for the same minimum useful frequency/' :— 

rninimum side of mouth = 300//' (11) 

minimum length* = (500// ) log 10 (300//'a ) (12) 

where a = length of side at throat. 
For cutting the side of a square horn from a sheet, see Ref. 77. 
General references to horn dimensions : 39, 46, 82. 
References to theory of exponential horns : 13A, 142, 175, 188. 

(iv) Hyperbolic exponential horns ("hypex") 

A hyperbolic exponential horn is one which follows the law 

5 = So[cosh mx + T sinh mx]* (13) 

where 5 = cross-sectional area at distance x along the axis in sq. ft. (or in any 
other convenient units) 
S = cross-sectional area at throat in sq. ft. 
m — flaring constant 
x = distance along the axis in feet 
and T = shape parameter (T may have any value from zero to infinity). 



•For chart see Ref. 46 Figs. 1 and 2 
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The cut-off frequency is the same as for an exponential horn having the same 
flaring constant — see eqn. (2a). When T = 1, the horn is exponential. When 
T — l/(mx ) and m is allowed to go to zero, the horn is conical. When T — the 
horn is hyperbolic cosine or catenoidal (Refs. 13A, 123, 140, 142, 188). The name 
" hypex " is usually applied when T is greater than zero and less than unity. 

The value of T in " hypex " horns is usually between 0.5 and 0.7, and within these 
limits the throat resistance of an infinite horn is more nearly constant than that of an 
exponential horn, at frequencies slightly above the cut-off frequency. These com- 
parisons are for constant throat, mouth and length of horn ; under these conditions 
a " hypex " horn with T of the order of 0.6 has improved low frequency characteris- 
tics as compared with those of an exponential horn. Consequently, for equivalent 
performance, a " hypex " horn may be made more compact than an exponential horn. 
A further useful feature of the " hypex " characteristic is that it makes possible a 
gradual transition from conical, via " hypex " with varying T, to exponential (Ref. 123). 

An analysis of the response peaks in finite hyperbolic horns, and design procedure 
for horns to have peaks at pre-determined frequencies, is given in -Ref. 139. 

(v) Horn loudspeakers — general 

(A) Frequency limitations 

The resistive component of the throat impedance drops rapidly below about 1.2 
times the flare cut-off frequency. Some output is obtained with finite horns at, 
and even below, the flare cut-off frequency (Ref. 45), but at frequencies below the 
flare cut-off frequency there is a strong tendency towards the production of har- 
monics. Care should therefore be taken to eliminate from the amplifier any appreci- 
able output power below about 1.2 times the flare cut-off frequency, unless the loud- 
speaker is known to be capable of handling such frequencies without damage or dis- 
tortion. 

The resonant frequency of the diaphragm should not be less than the flare cut-off 
frequency, and preferably not less than 1.2 times this value, in order to ensure sufficient 
loading at the resonant frequency. 

The only known method for handling frequencies below the flare cut-off frequency 
of an exponential horn, with good fidelity, is the use of an enclosed air-chamber 
behind the diaphragm, resonant at a frequency in the vicinity of the flare cut-off fre- 
quency, as used with the Klipsch loudspeaker. This air-chamber is designed to 
provide a capacitive reactance approximately equal to the inductive reactance (inert- 
ance) of the horn at the flare cut-off frequency. The volume of the air-chamber is 
given by eqn. (15) in Sect. 4(vi) below — see also Ref. 31. 

(B) Diaphragm and throat 

Some horns are designed with the throat area the same as the diaphragm area. 
Greater acoustical loading is obtained by the use of a larger diaphragm and a sound 
chamber. The maximum size is limited by the high frequency response — the dis- 
tances from any parts of the diaphragm to the throat opening should vary by less than 
one quarter of the wavelength of the highest frequency to be reproduced. The 
simplest form of sound chamber is Fig. 20.21 A, with a single hole in the centre. Better 
high frequency performance is obtained with the more complex forms of Figs. 20.21 
B, C. 

Relatively large throats are necessary for high efficiency at low frequencies, and 
relatively small throats are necessary for high efficiency at high frequencies. Conse- 
quently any loudspeaker must be a compromise, and the highest efficiencies are 
obtained with limited frequency ranges. 

Second harmonic distortion is generated in the throat and follows approximately 
the theoretical relationship 

Percentage second harmonic = (Vw/Sl) (fjf ) x 100 (14) 

where W = acoustical waits per square centimetre of throat area 

ft = frequency being radiated 
and /o = cut-off frequency due to flaring (eqn. 2). 
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FIG. 20.21 
F;£. 20.21. Different forms of sound chambers in horn loudspeakers. 

For example if a horn with a 40 c/s cut-off is to reproduce a 4000 c/s note, there 
will theoretically be 8% second harmonic distortion for an acoustical power of 0.01 
watt per square inch of horn throat. The actual distortion appears to be about half 
the theoretical value. 

Thus for reasons of both efficiency and distortion, a horn should only be designed 
to cover a limited frequency range. 

(C) Driving units 

The simplest driving mechanism is the electro-magnetic type with an iron dia- 
phragm as the armature (Fig. 20.21A)- 

All modern driving units are of the moving-coil type and may have a diaphragm 
of aluminium alloy or some form of paper or a cloth base impregnated with synthetic 
resin. 

Well designed direct-radiator loudspeakers may be used as the driving mechanisms 
for horns. The most suitable size is from 8 to 12 inches diameter for medium power 
requirements. Some loudspeakers are designed specially for this application. 

Where high power output at very low frequencies is required, a 15 inch unit may 
be used, as in the Klipsch corner horn described below. 

(D) Distortion 

In addition to the distortion caused by the throat, there is also distortion due to 
the sound chamber. The acoustical capacitance is a function of the position of 
the diaphragm, and the effect is most apparent at low frequencies where the amplitude 
is large. This distortion may be reduced by the use of a large sound chamber, thus 
limiting this unit to low frequencies only. A separate high frequency unit with a small 
sound chamber may be used, since it will not be required to handle large amplitudes. 

Distortion is also caused by a non-linear suspension j this is only serious at low 
frequencies (Ref. 14, Fig. 8.21). Distortion at low frequencies due to non- 
linear suspension may be reduced by 

(1) the use of a large dynamic driver, 

(2) increased compliance in the suspension, 

(3) an enclosed air-chamber at the rear of the diaphragm as in the Klipsch corner 
horn. 

Another cause of distortion is frequency modulation through the Doppler 
Effect — see Sect. 7(ii) — which can be reduced to small proportions by the use of 
separate high and low frequency units. 

It is impossible to design a horn loudspeaker that covers a wide frequency band 
and is simultaneously free from non-linear distortion. Thus two separate units for 
low and high frequencies are essential for fidelity. This is a limitation peculiar to 
horn loudspeakers. 

(E) Efficiency 

With horn loudspeakers efficiencies as high as 80% can be achieved over a limited 
frequency range. A typical horn of the type used in cinema theatres has an efficiency 
from 30% to 45% over its useful range. The Klipsch corner horn has an efficiency 
around 50% over its useful range. 
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(F) Directional characteristics 

For wavelengths larger than the mouth diameter, the directional characteristics 
are approximately the same as for a cone the same size as the mouth. At frequencies 
above 3000 c/s the directional characteristics are only slightly affected by the flare 
or length. At intermediate frequencies the directional characteristics are broader 
than those obtained from a piston (cone) the size of the mouth. 

When a number of horns are arranged in a line, a sharp beam will be obtained when 
the horns are parallel to one another, while a broader beam will be obtained when they 
are arranged radially. 

(G) Electrical impedance 

A rise in electrical impedance normally occurs at the diaphragm resonance, although 
less than that with a direct radiator, with a rise at the higher frequencies as with a 
moving-coil direct radiator. 

On account of the variation in impedance, triode power valves (preferably with 
negative voltage feedback) are highly desirable for fidelity. 
(H) Damping and transients 

With a well designed horn of sufficient mouth area, or with a smaller horn in which 
the resistive loading has a peak in the vicinity of the bass resonant frequency, the 
acoustical damping at that frequency will be high. The damping due to the output 
resistance of the amplifier will be additive. 

At higher frequencies, experimental results indicate that spurious transients are 
much lower in horn loudspeakers than with direct radiators. For example (Ref. 155), 
a 12 inch direct radiator loudspeaker, when loaded by a short horn, gave 12 to 15 db less 
transient level than when used without the horn, using Shorter's method — see Sect. 
7(iii). 
(I) Horns and rooms 

Horns require larger rooms than direct radiator loudspeakers, even apart from the 
space occupied by the speaker itself, owing to the roughness of the overlap between 
the low and high frequency units. The distance from loudspeaker to listener must 
be greater than that with cone type direct radiators (Ref. 150). 

Horn loudspeakers are frequently mounted in the corner of the room, so that the 
angle between the walls acts as sort of continuation of the horn. Some ingenious 
corner horns have been developed, for example one in which the difference between 
the solid angle between the walls and the desired exponential flare is taken up by 
a suitably shaped " plug " (Ref. 130). 

(vi) Folded horn loudspeakers 

Owing to the large space required by a horn, much attention has been paid to 
folded horns. These all involve some _ loss of the higher frequencies, due to re- 
flections and differences in length of path causing cancellation of some frequencies. 
The number of folds should be kept to the minimum — most folded horns have only 
one or two folds. Any increased number of folds, if unavoidable, must be accompanied 
by a reduction in the maximum frequency. 
Concentric folded horns 

In these, the high frequency loss may be made fairly small, and it is possible to 
cover a range from below 200 up to 8000 c/s. One popular form is the three section 
directional reflex (Fig. 20.22A) in which the total length of the air column is nearly 
three times the overall length ; this gives useful radiation over an angle of 60°. A 
modified form is the radial type which may be suspended from the ceiling to give an 
angle of 360° ; this gives almost the same radiation upwards as downwards. Refs. 
2, 82. 
Low frequency folded horns 

When a folded horn is used as the low frequency unit in a dual system, the loss of 
higher frequencies is actually an advantage, and the inner surface of the horn is fre- 
quently covered with sound absorbent material to eliminate high frequency reflections. 
Some of the forms which such a horn may take are given in Figs. 20.23 (Ref. 51) and 
20.24 (Ref. 52). 
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(A) FIG. 20.22 (B) 
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FIG. 20.23 



Concentric folded horns (A) three section reflex (B) three section reflex 
radial type. 

One outstanding design is the Klipsch corner type speaker which includes a folded 
low frequency horn. 
This is notable mainly on account of the comparatively small space which it occupies 
— 20 cubic feet in. all — compared with other dual horn systems 
having equivalent performance. The efficiency of the low 
frequency woofer unit (K-3-D) is not less than 50% down to 
36 c/Sj and still fairly high at 32.7 c/s ; it is capable of radiating 
a clean fundamental at reduced power down to 27 c/s. Maxi- 
mum electrical power input is 15 watts, so that the maximum 
acoustical power output is over 7 watts. 

The low frequency unit has a 15 inch direct radiator loud- 
speaker with an enclosed cabinet baffle at the rear and a folded 
horn in front. The recommended driver for ordinary home 
and small theatre power levels is the Stephens P-52-LX-2 
woofer motor ; this is specially treated to increase its com- 
pliance before installation. The enclosed cabinet baffle at 
the rear is designed to offset the mass reactance of the throat 
impedance at low frequencies. The volume of the enclosed 
baffle is given theoretically by 

V = 2.9 AR (15) 

where V = volume in cubic inches 

A = throat area in square inches 
and R = length of horn in inches within which the horn 
area doubles. 




Fig. 20.23. Folded 
horns for low fre- 
quencies actuated 
by rear of cone with 
area increasing in 
steps. 



FIG. 20.24 




Fig. 20.24. Folded horns for low frequencies— as part of dual system, with conical 
individual sections. (Ref. 52.) 
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For the K-3 woofers, A = 88 sq. ins., R = 16 
and the calculated volume is 5270 cubic inches. 
This equation presumes the suspension com- 
pliance to be infinite, which is not the case ; some 
experimental adjustment is therefore necessary. 

The general construction is shown in Figs. 
20.25 and 20.26. The voice coil impedance of 
two designs, the second with increased cone com- 
pliance, is shown in Fig. 20.27. 

The cross-over frequency is 500 c/s, so that 
the high frequency horn has to be of unusual 
design, capable of handling 15 watts input down 
to 500 c/s. The recommended driver for home 
use is the Stephens P-15 HF motor, with which 
the response is good to 15 000 c/s. Other suit- 
able drivers are the Jensen XP-101, Western 
Electric 713A, or Stephens P-30, P-40. The 
cell structure is contained in the region of small 
cross-section of the horn, so that the individual 
mouths of the cells are small. The construction 
of the high frequency horn is shown in Fig. 20.28. 

References to Klipsch horn loudspeakers : 30, 
31, 32, 33, 34, 48, 99, 115, 119, 122. 

(vii) High frequency horns 

High frequency horns are frequently used 
used in dual or triple systems in conjunction 
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FIG. 20.26 

Fig. 20.26. Side and front views of the 

Klipsch bass reproducer Model K-3. 

(Ref. 48). 



FIG. 20.25 



Fig. 20.25. Top and isometric 
view of the Klipsch bass repro- 
ducer Model K-3. (Ref. 48). 

with either horn or direct-radiator low 
frequency units. They are only cap- 
able of satisfactory radiation over an 
angle of from 20° to 40° for a single 
horn, but up to six similar horns may 
be built into one unit operated by a 
single driver to give good coverage over 
a wide horizontal angle (Refs. 76 Part 1 ; 
52, 136). Alternatively the multi- 
cellular construction may be adopted 
(Ref. 33). Diffusing lenses may also 
be used with high frequency horns as 
an alternative to multi-cellular con- 
struction, to spread the sound over 
a wider angle. In one example the 
angle was increased from about 20° 
to over 50° at 8000 c/s by the use of 
such a diffusing lens. The construction 
appears cheaper than a multi-cellular 
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Fig. 20.27. Voice coil impedance of two designs of Klipsch bass reproducer (A) Model 
K-3-B as Ref. 48 (B) Model K-3-C (cone with increased compliance). (Ref. 99). 

horn and permits greater flexibility in application (Refs. 120, 141). 

References to corner ribbon high frequency horn : 229, 230. 

Reference to reverse flare principle in high frequency horn : 232. 

See also the Klipsch high-frequency horn (Fig. 20.28) and page 858. 

References to high frequency horns : 33, 76 (Part 1), 80, 137, 165. 

General references to horns : 2, 13A, 14, 15, 30, 31, 32, 33, 34, 38 (Parts 1 and 2), 
39, 45, 46, 47 r 48, 51, 52, 59, 69, 73, 76, 77, 82, 99, 115, 119, 128, 130, 137, 142, 147, 
165, 175, 177, 206, 209, 211, 217, 232. 



(viii) Combination horn and phase 
inverter loudspeakers for per- 
sonal radio receivers 

A combination horn and phase inverter 
loudspeaker for personal radio receivers 
has been described (Ref. 124) which has an 
efficiency of about 25% and a frequency 
range from 300 to 4000 c/s. A sound level 
of 84 db is obtained at 3 feet from the 
loudspeaker with an input of lOmW— this 
level is somewhat higher than conver- 
sational speech. Sub-miniature valves 
and very small B batteries may therefore 
be used to give an acceptable sound out- 
put from a receiver having a cubic capacity 
of 41 cubic inches. 

(ix) Material for making horns 

The best materials are concrete, brick 
and masonry. The most practical material 
for horn construction, with many good fea- 
tures, is untempered 3/16 inch Masonite. 
It should be reasonably strutted and 
backed with absorbent material (Ref. 191). 




FIG. 20.28 



Fig. 20.28. Klipsch high frequency horn 
loudspeaker : Upper view — sectional 
view from top ; lower view — sectional 
view from the side through line 3-3 of 
upper view. (Ref. 33). 
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SECTION 5 : DUAL AND TRIPLE SYSTEM LOUDSPEAKERS 

(t) Introduction (n) Choice of the crosi-over frequency (Hi) The overlap region 
(iv) Compromise arrangements. 

(i) Introduction 

When a wide frequency range has to be covered there is a choice between 

1. A single unit employing some special construction to extend the frequency 
range — see Sect. 2(iii), 

2. Two or three separate loudspeakers, each covering a limited frequency rangej 

3. An integral dual or triple system with two or three loudspeakers mounted 
(usually co-axially) in one equipment, and 

4. Some compromise arrangement — see (iv) below. 

If separate loudspeakers are used, they should be mounted as closely together as 
possible, with co-axial mounting as the ideal ; this is not so important when the 
cross-over frequency is below 500 c/s. In addition, they should be co-planar, with 
the plane of horn loudspeakers taken as the plane of the diaphragm. The loud- 
speakers should be correctly phased, so as to be additive in the overlap region. 

A frequency dividing network is used to split the output between two loudspeakers 
so that neither unit is called upon to handle large amplitudes of frequencies beyond 
its range. This has the advantage that Doppler Effect distortion (see Sect. 7) is much 
reduced. Other advantages are that, on account of limitations in the frequency range 
of each unit, the system efficiency is increased, while the directivity characteristic 
is improved due to the smaller diaphragm (or horn mouth) for the high frequency 
unit. In addition, the transient response is improved, and there is less intermodula- 
tion and reduced frequency modulation. 

The loudspeakers should preferably have the same efficiency, otherwise one will 
have to be attenuated. The directional characteristics of the high frequency unit 
should receive careful attention. 
Integral dual systems 

One excellent arrangement employs two cones, co-axial and co-planar, with the 
small high-frequency cone mounted near the apex of the large cone. Both cones 
vibrate in unison in the overlap region. (Refs. 61, 116, 116A). 

Another arrangement employs a large low-frequency cone and a co-axial high- 
frequency horn. This has the disadvantage that the sound sources are not co-planar, 
since the diaphragm of the high frequency unit is mounted to the rear of the cone. 
Integral triple systems 

In one design there is a large low-frequency cone, a mid-frequency horn using the 
flared low-frequency cone for its mouth, and a high-frequency horn mounted in 
front of the mid-frequency horn. 

(ii) Choice of the cross-over frequency 

In a dual system, that is one having a low-frequency and a high-frequency loud- 
speaker, the cross-over frequency is usually between 400 and 1200 c/s. The follow- 
ing, points must be satisfied. 

1. The low frequency unit (" woofer ") must be capable of handling at least half 
an octave above the cross-over frequency, at full power. See also (4) below. 

2. The high frequency unit must be capable of handling at least half an octave 
below the cross-over frequency at full power. See also (4) below. 

3. Provided that point (2) can be satisfied, the cross-over frequency should be 
as low as possible, say 400 to 500 c/s. 

4. If a 6 db/octave frequency dividing network is used, each unit should be 
capable pf handling one octave beyond the cross-over frequency at full power, 
and about 3 octaves beyond the cross-over frequency at reduced power. 

Some systems have cross-over frequencies from 1200 to 2000 c/s, in which case 
the high frequency unit approaches more closely to a true " tweeter," since the latter 
is generally limited to frequencies above 2000 c/s (Refs. 11, 45). 
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In a triple system there is no necessity for such a compromise regarding the cross- 
over frequency. The " woofer " may handle up to between 300 and 600 c/s, the 
middle unit up to between 2000 and 5000 c/s, and the " tweeter " will then look 
after the higher frequencies (e.g. Ref. 134). 

The design of frequency dividing networks is covered in Chapter 21, Sect. 3 

(iii) The overlap region 

Serious distortion often occurs in the overlap region when both units are contribut- 
ing to the total acoustical output. In a dual direct-radiator system in which the dis- 
tances from each cone to the listener are not equal, the response characteristic will 
have pronounced peaks and valleys at frequencies where the two sources are in and 
out of phase. In the case of a dual horn system, particularly when one horn is folded, 
the acoustical paths may differ sufficiently to cause the same effect. Similar effects 
occur with other combinations, but the trouble is minimized in alLcases by a low 
cross-over frequency (less than 600 c/s) and, in the case of dual horns, by a fairly steep 
attenuation characteristic (12 or 18 db/octave nominal). Most loudspeakers give 
serious distortion below the frequency of minimum rated response, even though the 
level is attenuated by the cross-over network — hence the desirability of an extended 
frequency range. 

There tends to be a peak of distortion at the cross-over frequency owing to in- 
correct impedance matching and the partially reactive load. This is most serious 
with pentodes and beam power amplifiers (see Chapter 21). 

(iv) Compromise arrangements 

One possibility is to use a single moving-coil loudspeaker with the front acting as a 
direct radiator, and the rear as bass horn (Ref. 51). Another arrangement uses a 
single driver with a high-frequency horn facing forwards and a folded bass horn 
driven by the rear of the diaphragm (Ref . 52). Owing to the use of a single cone or 
diaphragm, the high frequency response does not extend as far as with two separate 
units, each specially designed. 

General references to dual and triple systems : 11, 30, 33, 45, 48, 51, 52, 61, 76, 
130, 134, 150, 165, 167, 194. 



SECTION 6: LOUDSPEAKERS IN OPERATION 

(i) Loudness (ii) Power required (iii) Acoustics of rooms (iv) Loudspeaker place- 
ment (v) Stereophonic reproduction (vi) Sound reinforcing systems (vii) Open 
air Public Address (viii) Inter-communicating systems (ix) Background music in 
factories. 

(i) Loudness 

Loudness may be measured in loudness units — see page 827 and Fig. 19.8. 

(ii) Power required 

(A) Direct radiation (outdoor) 

Some loudspeaker manufacturers quote the intensity level on the axis at a distance 
of, say, 30* feet with a stated electrical input power, usually with a warble frequency 
(from 300 to 3300*, 500 to 2500 or 500 to 1500 c/s). The intensity level decreases 
by 6 db each time the distance is doubled, or increases by 6 db each time the distance 
is halved. 

The intensity level increases by 3 db when the power input to the loudspeaker is 
doubled, by 6 db when the power is quadrupled, and so on. 

♦R.M.A. SE-103. See Sect. 6(x). 
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Example : At a distance of 30 feet on the axis, a certain loudspeaker is stated to 
produce a level of 81.5 db above 10~ 16 watt per square centimeter at 8 watts input 
with a warble frequency from 500 to 2500 c/s. Find the intensity level on the axis 
at a distance of 6 feet with 3 watts input. 

Effect of change of distance = 20 log 10 (30/6) = + 14 db. 

Effect of change of power input = 10 log 10 (3/8) = — 4.3 db. 

Net change = + 9.7 db. 

Intensity level at 6 feet with 3 watts input = 81.5 + 9.7 = 91.2 db. 

In other cases loudspeaker manufacturers (such as R.C.A.) publish the curves of 
sound pressure versus frequency, from which it is easy to estimate the average over 
the frequency range of interest. In this case the reference level is db = 10 dynes 
per square centimetre, and the microphone distance is 24 inches. In a typical case 
the output level is — 1 db for an input of 0.1 watt to the loudspeaker. The level at 
a distance of 30 feet for a power input of 8 watts will therefore be 

- 1 + 19.03 - 23.52 = - 5.49 db (0 db = 10 dynes/cm. 2 ) 
or converting to the basis of db = 0.0002 dyne/cm 8 , 

- 5.49 + 93.98 = + 88.5 db (0 db = 0.0002 dyne/cm 4 ). 
Alternatively the R.MA loudspeaker pressure rating may be quoted. For cal- 
culation and example see page 812. 



FIG.20.29 
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ACOUSTICAL WATTS 



Fig. 20.29. Intensity in db versus acoustical watts output at specified distances along 
the axis of a loudspeaker which is considered as a small source^ in an infinite baffle. 
This holds fairly accurately at low frequencies, with an error of I db at 500 c/s with 
a cone 10 inches in diameter. The numbers on the sloping lines indicate the distance 
in feet from the loudspeaker (based on F. Massa, Ref. 69, but extended and modified). 
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Again, the loudspeaker percentage efficiency may be known, say 3%, and it is 
desired to calculate the intensity at a distance of, say, 30 feet with an input of 8 watts. 
The unknown factor is the angle of radiation, but at frequencies up to 500 c/s this 
may be taken as approximately 180° (assuming a direct radiator with a large flat 
baffle) and we may therefore make use of Fig. 20.29. In this case the acoustical 
output will be 8 x 0.03 = 0.24 watt and the intensity will be 87 db at 30 feet (Fig. 
20.29). 

At higher frequencies there will be an increasingly greater focusing effect, and the 
intensity on the axis will be somewhat greater than the value calculated above. 
(B) Power required indoors 

When a loudspeaker is operated indoors the direct radiation is supplemented by 
the reflected sound. 

The reverberation time is the time in seconds for a sound to fall to one millionth 
of its original intensity (—60 db) after stopping the source. Eyring* gives 
0.05 V 



T ■ = 



where 



and 



5 log e (1 - a) 
= reverberation time in seconds, 
= volume of room in cubic feet, 

= surface area of walls, ceiling and floor in square feet, 
= average absorption coefficient per square foot, in sabins (values are less 
than unity). 
The sabin is an absorption unit representing a surface capable of absorbing sound 
at the same rate as does 1 sq. ft. of perfectly absorbing surface, such as an open window. 
In a typical living room, the reverberation time is about 0.5 second at 500 c/s and 
the absorption coefficient is about 0,25. The reverberation time falls to possibly 
0.3 second at 5000 c/s and rises to possibly 0.75 second at 200 c/s.(Ref. 14, Fig. 13.26). 
In a very large living room, the reverberation time would probably be about 0.8 
second at 1000 c/s. 

FIG. 20.30 






10 io IO 

VOLUME IN CUBIC FEET 



Fig. 20.30. Acoustical power required to produce an intensity level of 80 db as a function 
of the volume of the auditorium for optimum reverberation times (after Olson, Ref. 13, 
by kind permission of the author and of the publishers and copyright holders, Messrs. 
D. Van Nostrand Company Inc.). 



♦See Ref. 13A page 399. 
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The " optimum reverberation time " at 1000 c/s depends on the volume of the 
room (Ref. 13A) : 

Volume 1000 2000 4000 20 000 100 000 500 000 cu. ft. 



0.7 



0.75 



0.82 1.01 1.28 1.62 sees. 

In a typical room 20 ft. x 15 ft. x 10 ft., with a reverberation time of 0.5 secondj 
and with the listener 6 feet from the loudspeaker, the reflected sound adds 3 db to the 
direct radiation at 500 c/s under steady state conditions, and 1 db when the sound only 
continues for 0.02 second as for speech (Ref. 14, Fig. 13.26). At higher frequencies 
the reflected sound becomes rapidly smaller, and may be neglected. At 200 c/s 
the reflected sound adds 5.5 db under steady state conditions or 2 db when the sound 
continues for 0.02 second. At 100 c/s the reflected sound adds 9.5 db under steady 
state conditions, or 6 db when the sound continues for 0.02 second. The effect of 
the reflected sound becomes more important as the listener moves further away from 
the loudspeaker. 

References 13A, 14, 15, 50, 55, 175, 178. 

The acoustical power in watts to produce an intensity level of 80 db (0 db = 
0.0002 dyne/cm 2 ) is plotted in Fig. 20.30 against the volume of the enclosure in cubic 
feet (after Olson, Ref. 13A). For living rooms the following information may be 
derived — 



Volume 


1000 


2000 


3000 


4000 


cu. ft. 


Intensity 




Acoustical power in watts 






level 










55 db 


0.000 0051 


.000 0098 


.000 014 


.000 019 


watt 


60 db 


0.000 016 


.000 031 


.000 045 


.000 059 


watt 


65 db 


0.000 051 


,000 098 


.000 14 


.00019 


watt 


70 db 


0.000 16 


.000 31 


.000 45 


.000 59 


watt 


75 db 


0.000 51 


.000 98 


.0014 


.0019 


watt 


80 db 


0.0016 


.003 1 


.004 5 


.005 9 


watt 


90 db 


0.016 


031 


.045 


.059 


watt 


100 db 


0.16 


.31 


.45 


.59 


watt 


110 db 


1.6 


3.1 


4.5 


5.9 


watts 



These values apply to enclosures with optimum reverberation times. Living rooms 
may have reverberation times which are lower than the optimum values, and the 
acoustical power required will then be greater than indicated above. 

The intensity levels for home listening under various conditions are set out in 
Chapter 14 Sect. 7(iii). 

(iii) Acoustics of rooms 

When a musical item is produced in the studio and reproduced by a loudspeaker 
in a living room, there are two reverberation times — that of the studio and that of 
the room. Good listening conditions are usually achieved by controlling the rever- 
beration time of the studio so that the music will sound well in the average medium 
or large living room. Large concert halls with long reverberation times are not ideal, 
but there is nothing which can be done in the living room to improve matters. 

The desirable and usual rise of reverberation time at low frequencies with rigid 
walls may be replaced by a general fall, due to the vibration of walls, floor and ceiling. 
This is one prevalent cause of loss of bass, below 150 c/s ; if an attempt is made 
to counteract it by bass boosting, the acoustical effect is not quite natural (Ref. 53). 

It is preferable to mount the loudspeaker on sound absorbing pads or thick carpet 
to prevent the direct transmission of vibration to the floor. 

At low frequencies it is doubtful whether the reverberation time of a small or even 
medium sized room means much, because of room resonances producing standing 
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waves. In a typical case with a room 16 ft, 9 in. x 11 ft. 6 in. x 8 ft. 6 in. the first 
nine resonances are 36.8, 51.1, 62.9, 68.6, 73.6, 77.6, 85.5, 102.3, 137.2 (Ref. 53). 

The most desirable shape for a listening room is approximately in the ratio height : 
width : length = 1 : 1.27 : 1.62, so as to distribute the resonances fairly uniformly. 

The peaks due to these resonances are of the order of 20 db and completely mask 
less pronounced effects. The bad effects may be reduced by 

(1) increased acoustical damping at low frequencies, especially near the corners 
of the room where it is twice as effective as elsewhere (Ref. 175), and 

(2) an open door or window, or preferably both. 

In addition to these room resonances, which occur over the whole room, there are 
other peaks of response due to focusing or interference between different paths, at 
middle and high frequencies, which vary from point to point. Thanks to our two 
ears, these sharp peaks and valleys are much less evident than they otherwise would be. 

References 13A, 14, 53, 175, 192, 208, 220, 221. 

(iv) Loudspeaker placement 

The ideal position for a loudspeaker is in one corner of the room, either low down 
near the floor or in the corner between two walls and the ceiling. In either case the 
boundaries of the room form a triangular conical horn, and the angle of ^radiation is 
it j2 steradians. The axis of the loudspeaker may point directly at the head of one 
listener, say seated with his head 42 inches above the floor, but every other listener 
will then lose something of the high frequencies. If a ceiling-corner position is used, 
the maximum angle of elevation between a listener and the loudspeaker should not 
normally exceed 30° ~ this position is therefore limited to lar^e rooms or those with 
low ceilings. If a special loudspeaker is used having wide angle radiation at all fre- 
quencies, the problem disappears. In other cases the trouble may be minimized by 

(1) accentuating the high frequencies and pointing the axis of the loudspeaker 
away from the listeners, who should be seated at approximately the same 
angle to the axis, or 

(2) keeping the listeners within an angle of 15° from the axis. 

Another possible position for the loudspeaker is in the corner of a room, half-way 
batween floor and ceiling — this gives an angle of radiation of ir steradians. 

In all cases where a loudspeaker is mounted in the corner of a room, the adjacent 
walls and floor or ceiling should have reflecting surfaces so as to act as a horn. The 
rest of the room should have a considerable amount of damping material such as 
upholstered furniture, heavy drapings, carpets, books or acoustical tiles. 

In all cases, no listener should be closer than 4 feet from the loudspeaker, with a 
greater distance for dual or triple systems and considerably greater distance for horns. 

Loudspeakers with open-backed cabinets are very difficult to place satisfactorily. 
They should be about 9 inches out from the wall, and the wall behind them should 
preferably be damped by a heavy curtain or sheet of acoustical absorbent material. 
A corner position is desirable. 

If a loudspeaker must be placed along one of the walls, it should preferably be 
along the shorter side, about the centre. This gives an angle of radiation of 2n 
steradians. 

If two separate loudspeakers are used, each handling the full frequency range, they 
may, if desired, be placed in positions wide apart, such as the two ends of a room. 
In a fairly large living room some approach to a third dimensional effect may be ob- 
tained with the listener slightly nearer to one loudspeaker — this is the pseudo-stereo- 
phonic effect, see (v) below. 

(v) Stereophonic reproduction 

Reproduced sound normally comes from a single source — the loudspeaker — so 
that there can be no indication of the direction from which the sound originally came. 
In stereophonic reproduction with three or more channels there can be a 3 dimensional 
effect which enables the listener to determine the position of the source. Stereophonic 
reproduction in the strict sense can only be applied in large concert halls or cinemas 
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where the audience is situated further from the loudspeakers than the distance be- 
tween any two loudspeakers. An illusion which gives a sense of spatial reproduction 
can be applied to a room by means of two loudspeakers each fed from a separate micro- 
phone through separate amplifiers. In radio broadcasting at least two separate trans- 
mitters and receivers are required — three channels are desirable. Some methods of 
recording are capable of carrying two or three channels, such as sound on film and 
magnetic tape (Refs. 86, 101, 226). 

There are methods of obtaining an approach to stereophonic reproduction with a 
single channel (Ref 87) 

When there are two loudspeakers so placed with respect to the listener as to give 
a transit time difference from 1 to 30 milliseconds, the impression is that of more 
" liveliness " and " body " (Ref. 125). This is the pseudo-stereophonic effect, 
and to be fully effective requires the listener to be at least 4 feet— and preferably a 
greater distance — nearer to one loudspeaker than the other. With suitable position- 
ing and relative volumes, the effect is quite surprising. 

A more elaborate method for heightening sound perspective utilizes volume ex- 
pansion in one of the two channels (Ref. 49). 

References 6, 13, 14, 36, 49, 68, 86, 87, 97, 101, 112, 160, 161, 162, 163, 169, 195, 
203, 216 (giving additional references), 226, 235, 236, 237, 238. 

(vi) Sound-reinforcing systems 

With this system there are two sources of sound, the original sound and the aug- 
mented sound from the loudspeakers. Usually the intensity of the original sound 
issuing from the stage will be sufficient over a limited area, but the sound energy from 
the loudspeakers must progressively increase towards the rear of the auditorium. 
The problem is to select a loudspeaker or loudspeakers with suitable directional 
characteristics, and to adjust the power output and orientation so that the total in- 
tensity level is constant for all parts of the listening area. 

The acoustical power required to produce an intensity level of at least 80 db for 
ordinary speech and music is as follows (Ref. 13A) : 

Volume (cu. ft.) 10 000 50 000 100 000 500 000 

Acoustical power (watts) 0.014 0.06 0.11 0.5 

For full orchestral dynamic range, a maximum intensity level of 100 db is required, 
and the acoustical powers should be multiplied by 100. In noisy situations the sound 
level should be 10 to 16 db above steady noise or 20 to 30 db above the noise in re- 
latively quiet intervals. 

One of the problems in design is the avoidance of acoustical feedback. It is usual 
to adopt directional loudspeakers and sometimes also directional microphones. The 
microphone is mounted as close to the sound source as possible and in a position of 
low radiated sound intensity. 

For the best illusion to the listener the loudspeakers) should be mounted so that 
the sound appears to come from the direction of the original source. The difference 
in path length between the original sound and the sound from the loudspeaker should 
not exceed 60 to 80 feet. 

The overall response of the whole system should be free from peaks. When feed- 
back occurs, it does so at the frequency at which the system has a peak. 

If at all possible, low frequencies should be attenuated so as to reduce the size of 
the loudspeaker and of the amplifier, and to reduce acoustical feedback. A minimum 
frequency range for speech is 400 to 4000 c/s (Ref. 196). If orchestral music is to be 
amplified the whole frequency range should be provided for, although here also some 
compromise may be necessary. 

In small or medium halls a single loudspeaker or bunch of loudspeakers may be 
mounted 20 to 30 feet above the microphone and somewhat more forward than the 
microphone. The loudspeakers should be pointed downwards to the audience 
(Ref. 196). 

In larger halls one or more line-source loudspeakers may be used. A line- 
source consists of a number of loudspeakers mounted close together in a straight line. 
A vertical line-source gives directionality in the vertical plane but not in the horizontal 
plane. If the lice-source is " tapered " in strength so that the sound from each ele- 
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ment varies linearly from a maximum at the centre to zero at either end, the direc- 
tionality is improved. The line-source should be tilted slightly forwards so that the 
central loudspeaker points directly to the centre of the audience. Better results may 
be obtained by using two line-sources, a long one for the low frequencies and a shorter 
one (one quarter the length of the long one) for the high frequencies, with a cross-over 
network for/. = 1000 c/s (Ref. 197). 
In large installations, time delay may be incorporated (Ref. 145, 197). 

Multiple loudspeakers 

It has been proved by Haas (Ref. 125) that when there are two or more loudspeakers, 
the listener only appears to hear from one of the loudspeakers — the nearer one in all 
cases — and that a separate echo is not heard until the time delay reaches 50 milli- 
seconds, equivalent to a path difference of 56 feet. He also proved that the echo has 
negligible disturbing effect on the listener if it is 10 db lower in level than the original. 
As a result of the latter effect, listeners in the vicinity of one loudspeaker are not dis- 
turbed by the echo from another. It seems reasonable to infer that spacing between 
loudspeakers up to about 70 feet would be satisfactory so far as echoes are concerned. 

(vii) Open air public address 

A typical reflex horn, with an input of 1 watt to the voice coil, gives the following 
sound levels on the axis (Ref. 73) : 

Distance 10 20 40 80 160 320 feet 

Sound level 100 94 88 82 76 70 db 

With a single horn, the axis should point directly to the farthest part of the audience. 
Horns may be arranged radially to cover a larger audience, allowing 30° for each horn. 

For speech reproduction only, a 10 watt amplifier witu two horn loudspeakers is 
sufficient for a crowd of 5000 people in quiet surroundings. For musical repro- 
duction a power of 40 watts with four loudspeakers will be required. It is usual to 
allow from 5 to 10 watts for each horn loudspeaker. Alternatively a large number of 
any convenient type of loudspeaker may be used, with the spacing between loud- 
speakers not greater than 70 feet. When a wider frequency range is required, some 
dual horn system is frequently used, particularly with open-air orchestral sound re- 
inforcing. 

For large crowds, several line-source loudspeakers — see (vi) above — may be used 
at the centre of the crowd. 

References 13A (pp. 292-296), 14 (pp. 406-409), 73, 104, 125, 176. 

(viii) Intercommunicating systems 

Only speech is to be reproduced, and the usual requirement is merely to have suffici- 
ent articulation to be understood. A reduced frequency range is almost universal, 
while a very restricted range is used in noisy surroundings (see Chapter 14 Sect. 11). 

References 1, 13 (pp. 297, 299), 13A (p. 426). 

(ix) Background music in factories 

If the noise level is comparatively low, the system may be quite conventional, with 
a frequency range from say 100 to at least 6000 c/s. Loudspeakers should be placed 
fairly close together to give good coverage of high frequencies. The spacing should 
be adjusted so that, with the prevailing noise level, the range of each is slightly over 
half the distance between them. 

If the noise level is high, the highest noise intensity is often limited in frequency 
range at both extremes. In such a case, as an alternative to over-riding the noise, 
the full frequency range up to 8000 c/s may be used for the music^ which may be at 
the same level as the mid-frequency noise. The low -frequency music range may 
either be used or attenuated as desired. Careful choice of the source of music is 
required to give the full frequency range without distortion. A conventional A-M 
receiver is unsuitable, owing to sideband cutting. Many shellac discs, especially 
the older ones, are unsuitable on account of limited frequency range. 

In all cases some form of volume compressor or limiter is required to reduce the 
volume range, and the music should be selected to avoid sudden large changes in 
volume. 
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SECTION 7: DISTORTION IN LOUDSPEAKERS 

(i) Non-linearity (ii) Frequency-modulation distortion in loudspeakers (iii) Transi- 
ent distortion (iv) Sub-harmonics and sub-frequencies (v) Intermodulation dis- 
tortion. 

(i) Non-linearity 

Non-linearity in a cone occurs when the force versus displacement characteristic 
deviates from a straight line. The principal causes of non-linearity are — 

1. Insufficient rigidity in the cone, 

2. Non-linear suspension, and 

3. Non-uniform flux density. 

Lack of rigidity in the cone is usually the result of reduction in the mass of the cone 
to achieve high sensitivity. In addition to the other defects — ragged response and 
poor reproduction of transients — this has a marked effect in increasing the harmonic 
distortion over the whole frequency range (Ref. 15 Fig. 3). 

All cone or diaphragm suspensions are non-linear to a greater or less extent — their 
stiffness usually increases with larger amplitudes. The total harmonic distortion of 
any such loudspeaker is fairly low (of the order of 1 %) at frequencies of about 300 c/s 
and above, and is not appreciably affected by non-linearity in the suspension. As the 
frequency is decreased, however, the distortion rapidly rises in loudspeakers having 
non-linear suspension. For example, one 10 inch dynamic loudspeaker with a non- 
linear suspension gives 10% total harmonic distortion with an input of 2 watts at 
60 c/s, and 30% distortion with an input of 10 watts at the same frequency (Ref. 13A 
Fig. 6.34). On the other hand a good quality loudspeaker is capable of handling an 
input of 10 watts at 60 c/s with only 3% total harmonic distortion, or an input of 
2 watts at 60 c/s with less than 1% distortion (Ref. 36 Fig. 25). 

When a loudspeaker is used in a well designed vented baffle, or in a suitable horn, 
the maximum amplitude of the cone will be decreased and the distortion arising from 
a non-linear suspension will also be decreased. 

Non-uniform flux density up to the maximum amplitude of operation is another 
source of harmonic distortion. This distortion is usually less than 1% so long as 
the amplitude of movement is small, consisting of odd harmonics only unless the field 
is not symmetrical about the voice coil. However at high input levels the distortion 
is usually severe. In one case total distortion at 50 c/s with an input of 5 watts, was 
reduced from 9% to less than 5%, by careful design (Ref. 84). 

At frequencies above 3000 c/s, the harmonic distortion with single large cone 
loudspeakers is negligibly small compared with the frequency-modulation distortion — 
see (ii) below. 

With dual loudspeakers, or a dual cone loudspeaker, the total harmonic distortion 
tends to reach a peak in the vicinity of the cross-over frequency — see Sect 5(iii), 
also Refs. 36, 116. In one example the total harmonic distortion is over 3% from 500 
to 1500 c/s for a 15 inch duo-cone loudspeaker with an input of 5 watts. 

The cross-over distortion, and the other forms of distortion described above, all 
increase rapidly as the input power is increased. 

The harmonic distortion below the bass resonant frequency is selective 
(Fig. 13.54). When the load imposes a greater impedance to the harmonic than to 
the fundamental, the measured harmonic distortion increases. At a frequency equal 
to one-half of the bass resonant frequency the second harmonic rises to a peak since 
the second harmonic frequency is equal to that of the bass resonance. Similarly 
at a frequency equal to one-third the frequency of the bass resonance, the third har- 
monic rises to a peak, and so with higher harmonics. 

At frequencies above about 1000 c/s all harmonics tend to increase since the 
impedance of the load to the harmonics is greater than the impedance to the funda- 
mental. This is offset to some extent by the fact that with a triode valve or with most 
of the commonly used negative feedback circuits, as the load impedance is increased, 
so the distortion decreases. The nett effect is found by the combination of these 
separate effects. 
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A system has been developed (Ref. 152) for automatically recording the total har- 
monic distortion of a loudspeaker over the a-f range. This is particularly helpful 
in detecting narrow frequency bands where the distortion is high. i 

One method of recording the performance of a loudspeaker with regard to non- 
linear distortion is to measure on the axis the maximum sound level before a certain 
amount of harmonic distortion is produced. This may be plotted as a curve of 
maximum undistorted sound pressure as a function of frequency (Ref. 153). Alter- 
natively the distortion may be plotted as a function of frequency for constant electrical 
input. In all cases the loudspeaker must be tested in the enclosure for which it has 
been designed. 

References 13A (pp. 163-173), 20, 21, 23, 36, 61, 106, 108, 109, 133, 152. 

(ii) Frequency-modulation distortion in loudspeakers 

The origin of this form of distortion is the Doppler effect whereby the pitch rises 
when the source of sound is advancing towards the listener and falls when it is receding 
(Refs. 3, 13A p. 18). The effect in loudspeakers is entirely independent of non- 
linearity. If a loudspeaker has two input frequencies, say 50 and 5000 c/s, the 
acoustical output can be resolved, like a frequency-modulated wave, into a carrier 
frequency (the 5000 c/s input) and sidebands (intermodulation frequencies) plus 
the 50 c/s input. The distortion may be measured in terms of the distortion factor, 
and so made comparable with the total harmonic distortion when a single input 
frequency is applied. The distortion factor on the axis is given by 

d.f. = 033 AJ 2 per cent (1) 

where A x = amplitude of cone motion (each side of the mean position) in inches 

a* *1ia mA/^iilnf^nrr ft»art»ia«m» ; on« KA ^^ 1 Art r% /o 

/ 2 = modulated frequency (variable frequency), 
and d.f. = distortion factor in per cent, defined as the square root of the ratio of 
the power in the sidebands to the total power in the wave. 
The distortion factor is proportional to the variable modulated frequency / 2 , and is 
quite small below 1000 c/s. As a typical example take a 12 inch' loudspeaker with 
an equivalent single frequency power input of 0.125 watt to the voice coil — 
/ 2 1000 2000 5000 10 000 c/s 

d.f. 0.65 1.3 3.2 6.4 % 

This condition applies to an input of 4.2 watts with a loudspeaker efficiency of 3%. 
Tests have indicated that the greater part of the distortion above 3000 c/s with 
single loudspeakers is due to frequency modulation distortion ; this is reduced very 
considerably by the use of separate high and low frequency loudspeakers. 
References 3, 7, 13A. 

(iii) Transient distortion 

A transient is a waveform, usually with a steep wavefront, which does not repeat 
at periodic intervals. Any sudden commencement or cessation of a periodic wave 
has a transient component. For reproduction without distortion the acoustical 
waveform must be the same as the input waveform. 

It is known from the theory of linear dynamic systems of minimum phase shift 
type that the amplitude response, the phase characteristic and the transient response 
to various, applied waveforms are merely equivalent ways of observing the same in- 
herent performance of the circuit (Ref. 131). Poor transient response leads to fuzzy 
reproduction with poor definition. Some requirements for good reproduction of 
transients are 

(1) the loudspeaker must respond to the highest audible frequencies, 

(2) the loudspeaker frequency response characteristic must be smooth and 
uniform, and free from sharp peaks and dips, 

(3) the loudspeaker must be sufficiently damped, particularly near the bass 
resonant frequency, 

(4) the bass resonant frequency should be as low as possible^ and 

(5) the phase-shift characteristics of the loudspeaker should be good. 
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Reasonably good response to transients is obtainable with loudspeakers having a 
frequency response to 10 000 c/s, but better response is achieved with an increase 
to 15 000 c/s. Generally speaking it is safe to say that a loudspeaker with a smooth 
response characteristic has a better transient response than one having sharp reson- 
ances, but considerable skill is required for an accurate interpretation of the response 
characteristic (see Ref. 131 for assistance in this direction). 

Loudspeaker damping at the bass resonant frequency has been dealt with in 
Sect. 2(x). With a suitable choice of loudspeaker and enclosure, and with a suffici- 
ently low amplifier output resistance, critical damping or any desired lesser degree is 
obtainable. There are differences of opinion as to the amount of damping to be used 
for good fidelity. Some prefer critical damping without any overshoot, others prefer 
a slight overshoot with its more rapid uptake (e.g. Ref. 174). 

At frequencies above 400 c/s, the cone of a direct radiator loudspeaker ceases to 
act as a piston, and the effective damping at any point on the cone, at any frequency 
within this range, is likely to be less, and may be very much less than that with a true 
piston cone. 

Horns provide acoustical damping over a wide frequency range, and well designed 
horn loudspeakers have better transient response than direct radiators. 

The phase-shift characteristics of loudspeakers are not readily evaluated. 
Above 1000 c/s the smoothness of the response characteristic appears to be the best 
available guide to good phase-shift characteristics ; below 1000 c/s the " envelope 
delay " may be used to supplement the information which can be derived from the 
response characteristic (Ref. 138). 

When a tone burst* is applied, some of the frequencies generated are not harmonic- 
ally related to the applied signal, and they cause an annoying type of distortion some- 
what similar to intermodulation. The ear is very sensitive to this type of inharmonic 
distortion (Ref. 131). 

Ringing at the frequency of the bass resonance becomes progressively less pro- 
nounced as the frequency of the applied tone burst is increased away from the resonant 
frequency. 

Testing loudspeakers for transients 

There are four methods of testing loudspeakers for transient response — 

1. Applied unit impulse, 

2. Suddenly applied square wave, 

3. Suddenly applied tone burst, and 

4. Shorter's method. 

Applied unit impulse gives all the information at one test, but is hard to interpret 
because it causes all the peaks to ring simultaneously (Ref. 131). 

The suddenly applied square wave is more selective, since it emphasizes the ringing 
of the peaks of nearly the same frequency as the applied wave (Refs. 13A, 15, 36, 
126, 131). 

The suddenly applied tone burst method is capable of giving much valuable in- 
formation. Ref. 131 gives a theory of ringing and interpretation of results. It 
seems that those loudspeakers that sound best generally reproduce tone bursts well, 
although this is better substantiated for the high frequencies than for the low (Refs. 
131, 138, 166). 

References to tone burst methods : 44, 88, 121, 131, 133, 138, 158, 166, 213. 

It has been demonstrated (Refs. 44, 88) that a smooth frequency response curve 
means a rapid build-up of a transient. The decay characteristic, after the input 
voltage has ceased, requires further consideration. Each lightly-damped resonant 
element, when shock-excited by the sudden cessation of the applied voltage, will 
dissipate its stored energy by radiating sound at its own natural frequency. The 
method of testing by Shorter (Refs. 44, 117, 121) is to measure, at all frequencies, the 
response at time intervals t = 0, 10, 20, 30 and 40 milliseconds after the cessation of 
the applied voltage. Good transient response appears to be indicated by 

*A tone burst is a wave-train pulse which contains a number of waves of a certain frequency. 
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1. Attenuation of 35 db at 1000 c/s, increasing steadily to 50 db at 3000 c/s 
and higher frequencies, for t = 10 milliseconds. 

2. Further attenuation of about 10 db for t = 20 milliseconds. 

3. Further substantial attenuations at t = 30 and t = 40 milliseconds. These 
should never be negative, even over narrow frequency bands. A negative 
value may indicate a spurious ripple frequency. 

In double-unit loudspeakers, the important frequency region from the standpoint 
of transient response is near or below the overlap frequency band (Ref. 36). 

References 5 (Part 1), 13A (pp. 159-163, 375), 15 (pp. 138-141, 202-212, 332-339), 
36, 40, 44, 54 (Part 4), 88 (pp. 59-64), 117, 121, 131, 132, 133, 135, 138, 150, 155, 158, 
166, 172, 174, 179. 

(iv) Sub-harmonics and sub-frequencies 

In addition to harmonic frequencies, a direct radiator loudspeaker produces sub- 
harmonics, that is frequencies one half, one third, one quarter, etc., of the applied 
frequency. Of these, the one half frequency is the only one of consequence. It 
occurs only in limited frequency regions, and it does not occur below a moderate, 
critical, level. However when this level is reached, it increases rapidly at first, and is 
accompanied by frequencies of 3/2, 5/2, 7/2, and 9/2 of the applied frequency (Ref. 
188). Sub-harmonics are more objectionable to the listener than harmonics of the 
same percentage, but they require a relatively long time to " build up " and are gener- 
ally assumed to be not very obvious in ordinary sound reproduction. However one 
authority states that a good correlation has been found between the number of sub- 
harmonics produced by the speaker and the quality rating of the speaker as determined 
by listening tests (Ref. 153). 

References 13A (pp. 167-168), 19, 21, 133, 153, 171, 188 (pp. 751-752). 

(v) Intermodulation distortion 

Tests on the intermodulation distortion of loudspeakers have been described but 
no general conclusions can yet be derived (Refs. 108, 109, 171). 



SECTION 8 : SUMMARY OF ACOUSTICAL DATA 

(i) Definitions in acoustics («) Electrical, mechanical and acoustical equivalent 
(iii) Velocity and wavelength of sound (iv) Musical scales. 

(i) Definitions in acoustics 

Sound energy density is the sound energy per unit volume. The unit is the 
erg per cubic centimetre. 

Sound energy flux is the average rate of flow of sound energy through any speci- 
fied area. The unit is the erg per second. 

The sound intensity (or sound energy flux density) in a specified direction at a 
point, is the sound energy transmitted per second in the specified direction through 
unit area normal to this direction at the point. It may be expressed either in ergs 
per second per square centimetre or in watts per square centimetre. 

Sound pressure is exerted by sound waves on any surface area. It is measured 
in dynes per square centimetre as the r.m.s. value over one cycle. The sound pres- 
sure is proportional to the square root of the sound energy density. 

The pressure level, in decibels, of a sound is 20 times the logarithm to the base 
10 of the ratio of the pressure P of this sound to the reference pressure P . Unless 
otherwise specified, the reference pressure is understood to be 0.0002 dyne per square 
centimetre. 

The velocity level, in decibels, of a sound is 20 times the logarithm to the base 10 
of the ratio of the particle velocity of the sound to the reference particle velocity. 
Unless otherwise specified, the reference particle velocity is understood to be 5 x 10~ e 
centimetre per second effective value. 
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The intensity level, in decibels, of a sound is 10 times the logarithm to the base 10 
of the ratio of the intensity / of this sound to the reference intensity I . Unless other- 
wise specified, the reference intensity I shall be 10" 1J watt per square centimetre. 

Compliance is ease in bending. It is the reciprocal of stiffness. 

See Chapter 14 Sect. 7 for volume range and peak dynamic range. 

See Chapter 19 Sect. 5 for loudness and Sect. 7 for sound level and noise. 

See also I.R.E. Standards on Acoustics : Definitions of Terms, 1951, Proc. IJR.E. 
39.5 (May 1951) 509 ; "American Standard of Acoustical Terminology", A.S.A. 
Z24.1— 1951. 

(ii) Electrical, mechanical and acoustical equivalents 



Electrical 

Capacitance 

Inductance 

Resistance 

E.M.F. 

Impedance 

Electrical 

Capacitance 



Acoustical 

acoustical capacitance 

inertance 

acoustical resistance 

pressure 

acoustical impedance 

Mechanical 

Compliance 



Acoustical unit 

cm 5 /dyne 
grams/cmVcm 2 
acoustical ohms 
dynes/cm 8 
acoustical ohms 

Mechanical unit 

cm/dyne 



(iii) Velocity and wavelength of sound 

The velocity of sound in a medium varies according to the relation V = -y/E/p 
where E is the elasticity and p the density of the medium. For any particular medium, 
the velocity depends also on the temperature (because of its effect on the density of 
the medium) and the intensity of the sound. In the audible range, velocity decreases 
with decreasing intensity ; but in the ultrasonic range, velocity increases with de- 
creasing intensity. 

Ref. Kaye, G. W. C, and T. H. Laby, " Physical and Chemical Constants " (ninth 
edition, Longmans, Green and Co. London). 

Velocity of Sound in Some Common Media 



Medium 


metres/sec. 


Medium 


metres/sec. 


Air (dry) 


342 (at 18° C) 


Steel 


4700—5200 


Hydrogen 


130 


Nickel 


4970 


Water vapour (sat'd) 


413 


Glass 


4000—5300 


Water (sea) 


1540 


Brass 


3650 


Alcohol 


1260 


Wood 


3300—5000 


Aluminium 


5100 


Rubber 


50—70 


Copper 


3970 







Sound transmission in air at 20 °C and 760 m.m. 



Frequency 


30 


50 


100 


200 


400 


1000 


4000 


c/s 


Wavelength 


452 


271 


136 


67.7 


33.9 


13.6 


3.39 


inches 




37.7 


22.6 


11.3 


5.65 


2.82 


1.13 


0.282 


feet 



Velocity of sound in air = 13 550 inches per second 
= 1129 feet per second 
= 344 metres per second. 
/ x A = 1129 
where / = frequency in cycles per second 
and A = wavelength in feet. 
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(iv) Musical scales 

Every musical tone has a frequency which is measured in cycles per second. 

A scale is a series of tones ascending or descending in frequency by definite in- 
tervals. 

The octave is the most important interval ; two tones are separated by one octave 
when the frequencies are in the ratio 2:1. 

Each octave is subdivided into a number of smaller intervals. In the equally 
tempered scale the octave is divided into twelve equal intervals (1.0595 : 1) to allow 
a change of key without retuning. Thus in the equally tempered scale, if any fre- 
quency is multiplied by 1.0595 it is raised by one semi-tone ; if multiplied by 1.1225 
it is raised by one tone. All normal musical instruments follow the equally tempered 
scale. 

In addition 3 there are several systems of what is called the natural scale, or just 
intonation, in which for example C# has a different frequency from D b (Ref. 90 
Part 1). 

Table 1 gives one version of " just intonation." 



TABLE 1 





Frequen 


cy ratio 


lone Interval 


Natural 


(just) scale 


Tempered scale 


C Unison 


1 


— 


1.000 


1.000 


C# Semitone 


25/24 


= 


1.0421 


1.0595 


D b Minor second 


27/25 


= 


1.080 J 




D Major second (= tone) 


9/8 


= 


1.125 


L1225 


D# Augmented second 


75/64 


= 


1.1721 


1.189 


Eb Minor third 


6/5 


= 


1.200 J 




E Major third 


5/4 


= 


1.250| 


1.260 


Fb Diminished fourth 


32/25 


= 


1.280 J 




E# Augmented third 


125/96 


= 


1.302 | 


1.335 


F Perfect fourth 


4/3 


= 


1.333 J 




F# Augmented fourth 


25/18 


= 


1.389] 


1.414 


Gb Diminished fifth 


36/25 


= 


1.440 J 




G Perfect fifth 


3/2 


= 


1.500 


1.498 


G# Augmented fifth 


25/16 


= 


1.5631 


1.587 


Ab Minor sixth 


8/5 


= 


1.600 J 




A Major sixth 


5/3 


= 


1.667 


1.682 


A# Augmented sixth 


125/72 


= 


1.736"| 


1.782 


Bb Minor seventh 


9/5 


= 


1.800 J 




B Major seventh 


15/8 


= 


1.875 | 


1.888 


Cb Diminished octave 


48/25 


= 


1.920 J 




B # Augmented seventh 


125/64 


= 


1.953 


2.000 


C Octave 


2 


= 


2.000 


2.000 
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The frequency of all tones is determined by the " pitch." The international 
standard pitch is a frequency of 440 c/s for tone A (equivalent to 261.63 for C) whereas 
the " physical pitch " is a frequency of 256 for C. 

The octaves of C in the two examples above are : 



cccc 


CCC 


CC 


C 


c 1 


c" 


c iii 


C»v 


c v 




16.4 


32.7 


65.4 


130.8 


261.6 


523.3 


1046.5 


2093 


4186 


c/s 


16 


32 


64 


128 


256 


512 


1024 


2048 


4096 


c/s 



The frequency of any tone may be calculated by multiplying the value of C next 
below it by the frequency ratio of the tempered scale as given by the appropriate row 
in Table 1. 

References 13 (pp. 334-335), 89, 90, 91, 92, 93, 127. 



SECTION 9 : STANDARDS FOR LOUDSPEAKERS 

(*') Voice coil impedance for radio receivers (u) Loudspeaker standard ratings for 
sound equipment. 

(i) Voice coil impedance for radio receivers 

The American R.MA Standard REC-104 (Jan. 1947) " Moving coil loudspeakers 
for radio receivers " specifies a voice coil impedance of 3.2 ohms ± 10% measured 
at the first frequency above resonance giving a minimum value tested without a 
baffle. This impedance differs from that specified for sound equipment (see below). 

This standard (REC-104) is applied to loudspeakers haying a maximum pole piece 
diameter not over 1 inch. 

(ii) Loudspeaker standard ratings for sound equipment 

The American R.M.A. Standard SE-103 " Speakers for sound equipment " (Ref. 
95) lays down certain definitions and ratings which are summarized below. 

The loudspeaker impedance (Z s ) is the complex value of the electrical imped- 
ance given as a function of frequency, and is measured at the accessible signal ter- 
minals of the speaker. 

Published data to give magnitude and phase angle as function of frequency. 

The loudspeaker rating impedance (R SR ) is the value of a pure resistance, 
specified by the manufacturer, in which the electrical power available to the speaker 
is measured. The value shall be 4, 8 or 16 ohms. 

Loudspeakers may also be rated in terms of power drawn from standard dis- 
tribution lines. In this case it is necessary to specify the power and the line voltage. 

The loudspeaker measurement source impedance (R SG ) is the value of a 
pure resistance to be connected in series with the speaker and a constant voltage 
source to measure the speaker performance. The value of R SG shall be 40% of the 
value of the loudspeaker rating impedance R S]i * This is equivalent to operating 
the loudspeaker from a source having voltage regulation of 3 db. 

The loudspeaker pressure rating (or pressure " efficiency ") G sp is the differ- 
ence between the axial sound pressure level (referred to a distance of 30 feet) and the 
available input power level, and is expressed in db. For further details see Chapter 
19 Sect. l(viii). 

Standard Test Signal No. 1, as indicated by G sply is a loudness weighted signal 
covering the frequency band from 300 to 3300 c/s. (Refs. 95, 50). 

♦Some manufacturers (e.g. R.C.A.) apply constant voltage to the loudspeaker, so that JR SG is made zero. 
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The loudspeaker pressure-frequency response (L s ) is the variation of the 30 
foot axial free-space pressure level as a function of frequency, and is expressed in db. 
The pressure level L d at distance d feet may be used to compute the pressure level 
L s at 30 feet by the relation 

L s = (L d + 20 log 10 d) - 29.5 db (1) 

The loudspeaker directivity index (K s ) is the ratio, expressed in db, of the 
power which would be radiated if the free-space axial sound pressure were constant 
over a sphere, to the actual power radiated. It is expressed in the form : 



! -K/o 



K s = 10 log 10 4tt/ (p/p a y sm6 dd d<f> 



(2) 



where p a = axial free space sound pressure, dynes/cm 2 

p = general free-space sound pressure at the same distance, dynes/cm 2 
and 8 and <f> are the angular polar co-ordinates of the system, and the speaker axis 
is at = 0. 

(When standard test signal No. 1 is used, K S1 is the speaker loudness directivity index). 
The value of the directivity index (K s ) may be calculated, over the frequency range 
which determines loudness, by using the following table for a rigid piston vibrating 
axially in an infinite baffle (based on curves in Ref. 50) : 

df = 500 2000 5000 10 000 15 000 25 000 35 000 45 000 

K s = 3.0 3.0 4.0 7.0 10.5 15.0 18.2 20 db 

where / = frequency in cycles per second 
and d = piston diameter in inches. 

When using standard test signal No. 1, the value of the loudness directivity index 
K S i is tabulated for similar conditions to those above : 

d = 4 8 12 10 20 inches 

K sl = 3 4.4 5.7 7.0 8.0 9.0 db 

Values of K sl for various types of baffles and horns are given by Ref. 50. 
The loudness directivity index K sl is used to evaluate the loudness efficiency 
rating, but the Standard refers to the article by Hopkins and Stryker (Ref. 50) for 
detailed information. Loudness efficiency rating is defined as the ratio of the total 
" effective " acoustical power produced by the loudspeaker to the available electrical 
power. The loudness efficiency rating is equal to 

L /10 (X\ 

LR = lOOe = 100 x 10 e w 

where e = electroacoustical efficiency 

L e = 20 log 1Q p ax - 16 - k - K S1 

p ax = effective sound pressure on axis of loudspeaker at distance 30 ft., in 
dynes/cm 2 , 
k = 10 log 10 W R 
W R — maximum available electrical power in watts 
and K sl = loudness directivity index (see above). 
See Refs. 50, 121 (pp. 697-706). 

Loudspeaker efficiency in terms of acoustical power 

(Based on SE-103— Ref. 95). 

The loudspeaker efficiency (G sw ) in terms of acoustical power is the difference 
between the output acoustical power level and the available input electrical power 
level, and is expressed in db. 

The symbol G sm indicates the loudspeaker efficiency when standard test signal 
No. 1 is used. 

G sw = 10 log 10 (W S /W )/(W AS /W ) (4) 

= 10 log 10 (W S /W AS ) (5) 

= 20 log 10 P s - K s - 20 log 10 E G + 10 log 10 R SR 

+ 20 log 10 (1 + R sg /R S r) - 16 (6) 

where G sw = loudspeaker efficiency in db 

W s — total radiated acoustical power, in watts 
W AS = electrical power available to the speaker, in watts 
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W = reference power = 0.001 watt 
E G = r.m.s. value of constant voltage of source, in volts 
R SR = loudspeaker rating impedance, in ohms 
R SG = loudspeaker measurement source impedance, in ohms 
p s = 30 ft. axial free space sound pressure, in dynes/cm 2 
and K s = loudspeaker directivity index, in db. 

It is obvious that (W S /W AS ) x 100 is the loudspeaker percentage efficiency, and 
hence 

Efficiency 2 4 6 10 20 30 100 % 

G sw ~ 17 ~ 14 ~ 12 - 2 ~ 10 ~ 7 ~ 5 - 2 ° db 

The total radiated acoustical power in dbm is given by the electrical power available 
to the speaker in dbm plus the speaker efficiency in db. For example, if the available 
electrical power is 10 watts = 40 dbm, and the speaker efficiency is —13 db, then the 
total radiated acoustical power will be (40 — 13) dbm = 27 dbm = 0.5 watt. 

See also " American Recommended Practice for Loudness Testing " C16.4 — 1942 
(Ref. 70). 

For loudspeaker testing see also Refs. 13A (pp. 353-376), 121 (pp. 607-609, 661- 
706), 175 (pp. 292-295), 188 (pp. 768-773). 

For Standards for multiple loudspeakers in sound systems see Chapter 21 Sect. 2(ii). 
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SECTION 1 : LOUDSPEAKER "MATCHING " 

(t) Loudspeaker characteristics and matching («) Optimum plate resistance (m) 
Procedure for " matching " loudspeakers to various types of amplifiers. 

(i) Loudspeaker characteristics and matching 

If the impedance of a loudspeaker were a constant resistance, the problem would 
be simple. In reality, the magnitude of the impedance may vary in a ratio up to 
10 : 1 and the phase angle may be anything between 50° leading and 60° lagging — 
see Chapter 20 Sect. l(v). 

A loudspeaker, or output, transformer is an impedance changing device, with an 
impedance ratio approximately equal to the square of the turns ratio (see Chapter 5). 
The transformer by itself has no "impedance "in this sense — it merely reflects across 
the primary the load impedance placed across the secondary tenninals, multiplied 
by its impedance ratio. Example : A transformer has a turns ratio 10 : 1 from 
primary to secondary. Its impedance ratio is therefore 100 : 1 primary to secondary. 
If the secondary load is 8 ohms, the reflected " primary impedance " will be 800 ohms. 
The only limitations on the wider use of the same transformer are the primary induct- 
ance, which will reduce the low frequency response, the maximum d.c. plate current 
and the maximum power output. 

(ii) Optimum plate resistance 

The power output of a loudspeaker is equal to the power input multiplied by the 
efficiency. The power input to the primary of the loudspeaker transformer, under 
the usual operating conditions, is equal to the square of the signal plate current multi- 
plied by the reflected load resistance — 

Power input in watts = I V *R L (1) 

where I p = signal plate current in amperes, r.m.s. 
and R L = load resistance reflected on to the primary of the transformer. 

The signal plate current is given by 

/, = pE B /(r v + R L ) (2) 

where n = amplification factor of power output valve 

E g = signal grid voltage, r.m.s. 
and r p = effective plate resistance of power output valve. 

Consequently, at the bass resonant frequency where the resistance R^ may rise to 
a high value, it is possible to have maximum plate circuit efficiency arid yet to have 
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less than the maximum electrical power output, because the signal plate current is 
reduced by the high load resistance. This effect is most pronounced with low values 
of plate resistance, and with triode valves or negative feedback the loudspeaker 
acoustical output may actually fall at the bass resonant frequency. With pentodes 
without feedback the reverse occurs, since a pentode approximates to a constant 
current source, and there is a high peak of output at the bass resonant frequency. 

A similar effect occurs at the higher frequencies, the highest level of response 
occurring with pentodes, an intermediate value with triodes having R L = 2r„, and 
the lowest with constant voltage at all frequencies (a condition approached when a 
high value of negative feedback is used). 

For any one loudspeaker, there is a value of plate resistance which pro- 
vides most nearly constant response at all frequencies. 

Reference 5. 

(iii) Procedure for " matching " loudspeakers to various types of 
amplifiers 

When the load resistance is constant, the only procedure necessary is to select a 
transformer ratio so that the resistance reflected into the primary is the correct load 
for the amplifier. When the load is a loudspeaker, the procedure is outlined below. 

Class A Triodes, either singly or in push-pull, may be treated very simply by 
arranging for the loudspeaker impedance at 400 c/s to equal the correct load for the 
amplifier. Thanks to the shape of the triode characteristics, the rise of impedance 
at the bass resonant frequency decreases the distortion, and although the power output 
from the valve is lower than at 400 c/s this is counterbalanced by the rise of loud- 
speaker efficiency at this frequency. The rise of impedance above 400 c/s results 
in a tendency towards a falling response, but loudspeakers specially designed for 
use with triodes are capable of giving fairly uniform response up to their limiting 
frequency. As a result, the designer of an amplifier with a triode output stage need 
not consider the impedance versus frequency characteristics of the loudspeaker, but 
only the response. 

The ratio of the nominal load resistance R L to the output resistance R of the ampli- 
fier is not unimportant. If R L /Ro is very high, the loudspeaker is being operated 
with nearly constant voltage at all frequencies. If R L /R is around 2 or 3, the voltage 
applied to the loudspeaker is slightly greater at frequencies where the loudspeaker 
impedance rises — -this is generally an advantage. See also Chapter 13 Sect. 2(iv). 

Pentodes without feedback are very critical with regard to load impedance 
[Chapter 13 Sect. 3(viii)]. Steps which may be taken to minimize the serious dis- 
tortion include : 

(1) The choice of a loudspeaker with a smaller variation of impedance with fre- 
quency, at least over the low frequency range [Chapter 20 Sect. l(v)]. 

(2) Shunting the load by a capacitance, or a capacitance in series with a resistance, 
to reduce the impedance somewhat at high audio frequencies [Chapter 13 Sect. 3(viii)]. 
However, if the capacitance is sufficient to reduce the impedance to a more or less 
horizontal curve, there will inevitably be attenuation of the higher frequencies. 

(3) Shunting the load by an inductance, through the use of a fairly low inductance 
of the transformer primary [Chapter 5 Sect. 3(iii)c ; Chapter 13 Sect. 3(vii), (viii)]. 
This only affects the low frequency peak, and is undesirable because of the resultant 
distortion. 

(4) The use of a vented baffle to reduce the low frequency impedance peak [Chapter 
20 Sect. 3(iv)]. 

(5) The selection of a loudspeaker impedance at 400 c/s rather lower than the 
nominal value, so that there is a variation on both sides of the nominal value instead 
of only on the upper side [Chapter 13 Sect. 3(viii)]. 

(6) The selection of an output valve capable of giving considerably more — say 
3 times — the desired power output, so as to reduce the distortion with an incorrect 
load impedance. 

(7) The use of negative voltage feedback (see below). 
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Fortunately, owing to the characteristics of music, the input voltage applied to the 
grid of the power amplifier at high frequencies will normally be less than the maximum. 
This somewhat reduces the distortion at high frequencies. 

Pentodes with negative voltage feedback, when operated well below maximum 
power output, are less affected by the loudspeaker impedance variations than pentodes 
without feedback. If the feedback is large, the output voltage remains nearly con- 
stant irrespective of the loudspeaker. There is an optimum value of amplifier output 
resistance to give most nearly uniform response at all frequencies with any one loud- 
speaker. 

When operated at maximum power output with the small degree of feedback usual 
in radio receivers, the load resistance is critical. Satisfactory operation with low 
distortion can only be obtained by reducing the grid input voltage. 

With a large amount of feedback, as for a cathode follower, the impedance at 400 
c/s should be the nominal value for the valve. The increase of impedance at other 
frequencies will not then cause distortion. See also Chapter 7 Sect. 5(iv). 



SECTION 2 : MULTIPLE AND EXTENSION LOUDSPEAKERS 

(0 Multiple loudspeakers — general («) Sound systems (iii) Extension loudspeakers 
(iv) Operation of loudspeakers at long distances from amplifier. 

(i) Multiple loudspeakers — general 

Two or more loudspeakers may be connected to a single amplifier either to reinforce 
the sound in a large space, or to give a pseudo-stereophonic effect. In all normal 
cases the loudspeakers will each handle the whole frequency range and operate at 
approximately the same level. The usual arrangement is to connect the loudspeakers 
in parallel either on the primary or secondary side. In the former case an a-f choke 
may be used in the plate circuit with capacitive coupling to the transformer primaries 
(Fig. 21.1). If the correct load resistance is R L , the nominal impedance of T x and 
T 2 should each be 2R L . If there are N loudspeakers in parallel, each should have a 
nominal impedance of NR L . The value of C 1 may be calculated as a coupling con- 
denser [Chapter 12 Sect. 2(ii)] into a resistance R L . lfR t = 5000 ohms, C x may be 
1/uF for about 1 db loss at 60 c/s. The value of L x may be calculated as for an a-f 
transformer [Chapter 5 Sect. 3(iii)c and Table 2 p. 213]. The total attenuation is 
the sum of that due to L 13 the coupling condenser C x and the transformer 7V A suit- 
able value for L x is normally from 10 to 30 henrys. 




FIG. 21.1 J_ 




FIG. 21.2 



Fig. 21.1. Choke-capacitance coupling to two or more loudspeakers in parallel. 

Fig. 21 .2. Transformer coupling to 500 ohm line, across which two or more loudspeakers 

are connected in parallel. 

Alternatively the parallel loudspeakers may be connected across a 500 ohm (or any 
other convenient value) line from the secondary of transformer T s as in Fig. 21.2. 
Here T" 3 will have a 500 ohm secondary and will reflect an impedance R L into the 
primary. T x and 7" 8 will have nominal impedances each 1000 ohms. If there are 
JV loudspeakers in parallel, each will have a nominal impedance of N x 500 ohms. 
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The simplest arrangement is to connect the secondaries in parallel as for extension 
loudspeakers (Fig. 21.5). 

Loudspeakers may also be connected in series or in series-parallel, provided that 
the units are identical, with identical impedances. If loudspeakers having different 
impedances are connected in parallel, the power output from each will be inversely 
proportional to its impedance — 

Loudspeaker No. 1. Impedance R t Power output P x 

Loudspeaker No. 2 Impedance R z Power output P 2 

Connected in parallel with applied voltage E : 
P x = E 2 /R ± ; P 2 = E*/R 2 etc. for any number. 
If it is desired to operate two loudspeakers with power outputs in the ratio A to 1, 
where A is greater than 1 : 
PJP % = A i RJR X = A 
The impedance of the two in parallel will be 

R = R 1 R i /(.R 1 + i? 2 ). 
Example : A monitor loudspeaker is to operate with an input power of 1 watt 
and is to be connected across a combined loudspeaker load of 30 watts with a total 
(line) impedance of 500 ohms. The ratio of power is 30 : 1 so that the impedance 
of the monitor loudspeaker (measured across the primary of its transformer) should 
be 30 x 500 = 15 000 ohms. In this case the monitor will have negligible effect on 
the combined impedance. 

(ii) Sound systems 

In medium and large installations it is convenient to design all amplifiers for a fixed 
output voltage. The usual output voltage in U.S.A. is 70.7 volts but higher voltages 
100, 141, 200 etc. are also used (R.M.A. SE-101-A, July 1949, SE-106, July 1949). 
Each amplifier normally has its own distribution line suitably loaded by loudspeakers. 
Each loudspeaker may be arranged — by the use of transformer tappings — to take 
from the line any desired power, while any loudspeaker may be moved from one 
line to another without affecting its output level. If the loudspeaker transformers 
are correctly matched to the voice coil impedance and the line voltage, the matching 
of the whole distribution line to the amplifier will be correct when the line is loaded 
to the full capabilities of the "amplifier. 

The American Standard (R.M.A. SE-106) specifies transformer secondary im- 
pedances of 4, 8 or 16 ohms ; this does not apply to transformers which are furnished 
only as part of a loudspeaker. The primaries are tapped to provide output power 
levels of 1 watt and proceeding upwards and downwards in 3 db steps (i.e. 1, 2, 4 
watts etc., 0.5, 0.25 etc.) when the standard input voltage is applied. 

(iii) Extension loudspeakers 

An extension loudspeaker is one which may be added to the existing loudspeaker 
in a radio receiver, for which provision may or may not be made by the set manu- 
facturer. 

The most common provision for an extension loud- 
speaker is shown in Fig. 21.3 in which the extension 
loudspeaker (marked " EXT ") is fed through a 
blocking condenser connected to the plate of the 
power valve. It is necessary for the user to arrange 
_ for flexible leads to be taken from two terminals on 

fkj. 2 1 . 3 oj||C—ir*sJ the chassis, across the primary of the stepdown trans- 

former, to the permagnetic extension speaker. If 
Fig. 21.3. Common form of the extension speaker has the same reflected load 
extension loudspeaker. impedance as the transformer of the original speaker, 
the power output will be shared equally between the two, but the impedance of the two 
speaker primaries in parallel will be only half what it should be for maximum power 
output. If no provision is made to provide correct matching, the arrangement will be 
quite practical, except that the power output of both speakers together will be less than 
with correct matching. 
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An alternative arrangement, which has much to commend it, is the use of an ex- 
tension speaker with an impedance of about twice that of the speaker in the set. This 
means that the extension speaker will operate at a lower sound level than the one in 
the set, but the mis-matching will be less severe and the maximum volume obtain- 
able from the set will not be seriously affected. 

If negative feedback is used in the receiver, the effect of the connection of the 
external speaker on the volume level of the loudspeaker in the set will not be very 
noticeable at low or medium levels, although the same problem arises in regard to 
the overload level. 
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Fig. 21 .4. Extension loudspeaker with provision for switching either loudspeaker alone. 
Fig. 21.5. Extension loudspeaker connected to the voice coil circuit. 

It is possible to modify the previous arrangement by means of switches which can 
open-circuit the voice coil of the first speaker and at the same time close a switch in 
the primary circuit of the second speaker. This is illustrated in Fig. 21 .4 from which 
it will be seen that only one speaker will be operating at the one time and there is 
therefore no problem with correct matching. With this arrangement, the extension 
speaker should have the same impedance as the one in the set and the power input 
to both speakers will then be equal. The two switches Si and 5 2 could, of course, 
be combined into a single wafer switch. 

The previous arrangements have all adopted an extension from the primary of the 
loud speaker transformer and therefore at a high impedance. There are advantages 
to be gained in using the voice-coil circuit for the extension, as illustrated in Fig. 21.5. 
This avoids the necessity for a step-down transformer on the extension speaker and 
for a blocking condenser. The set manufacturer may fit two terminals on the loud- 
speaker housing, connected to the voice coil, as an alternative to Fig. 21.3. To obtain 
the same power from both speakers, it is necessary for the voice-coil impedances to be 
equal. If it is required to have one speaker operating at a higher level of sound than 
the other, the impedance of the second (lower output) speaker should be made higher 
than that of the first speaker. In such a case it is possible to obtain correct matching 
by calculating the impedance of both voice-coils in parallel and selecting a step-down 
transformer to suit. Very few voice-coils have an impedance less than about 2 ohms, 
so that it is possible to use quite ordinary wiring in the connections of the extension 
speaker. If the second speaker is to be situated more than say 10 feet from the first 
speaker, it may be desirable to use heavy wire, such as power flex (twin plastic is very 
convenient). In some cases it may be desired to operate the extension speaker at a 
rather lower level than the first speaker, in which case losses in the extension line may 
be desirable. 

A single-pole double-throw switch may be used to change over from one to the 
other voice-coil as shown in Fig. 21.6 (A). Here switch S is used to open-circuit 
the first voice-coil and at the same time to close the circuit to the second voice-coil. 
The further refinement of a series volume control R is shown in the extension speaker 
circuit, so that the volume may be reduced below that of the speaker in the receiver. 
The resistance R should have a maximum value about 20 times that of the voice-coil 
impedance, but even so this arrangement cannot be used to reduce the volume to zero. 

In order to have a complete control over the volume from the extension loudspeaker, 
the arrangement of (B) may be used in which R is a potentiometer with the moving 
contact taken to the extension speaker. 
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The series resistor volume control shown in Fig. 21.6 (A) increases the effective 
impedance of the extension loudspeaker circuit at low volumes, but this is not a 
serious detriment since the volume will be low and the mis-matching of only minor 
importance, particularly if negative feedback is used. The potentiometer method of 
volume control in Fig. 21.6 (B) has to be a compromise, and is incapable of giving 
satisfactory matching under a wide range of conditions. A reasonable compromise 
for the resistance R would be about five times the impedance of the voice-coil, but 
this will result in appreciable loss of power even at maximum volume. For perfect 
matching, resistance R should be taken into account, but for many purposes the effect 



Fig. 21.6. Extension loud- 
speaker circuits incorporating 
volume control of the extension 
speaker. 




may be neglected provided that R is not less than five times the voice-coil impedance. 
At low levels this arrangement has a high impedance but here again the effect will 
not be serious. 

Another form of volume control is a tapped secondary winding, with the extension 
speaker connected through a rotary switch to a selected tap. Taps may be made 
with each one 70% of the turns of 'the one above it, giving- roughly 3 db steps, or 
80% for 2 db steps. This method causes serious mis-matching, and is not advisable 
unless there are several main loudspeakers and only one " extension " with volume 
control. 

The best method of volume control is a L type level control (Fig. 21.11) which 
provides constant input resistance and may be continuously variable (see Chapter 18). 

All the preceding arrangements are limited to the use of either of two speakers or 
have given a choice between one and both. The ideal arrangement is to permit 
the use of one or other or both. This is particularly helpful when the extension 
speaker is used in a different room and one may wish to operate the extension speaker 
alone. Tuning-in may be done by switching over to both speakers, adjusting the 
volume level to suit the extension speaker, and then switching over so that only the 
extension is in operation. Then, if at any time the speaker in the receiver is required 
to operate, this may be done simply by moving the switch without causing any inter- 
ference to the extension speaker. 



Fig. 21.7. Extension loudspeaker 
circuit incorporating switching to 
operate either or both speakers. 




FIG. 21.7 



If it is desired to use a single secondary winding on the transformer it is possible 
to arrange two speakers as shown in Fig. 21.7 so that either or both may be operated. 
With this arrangement the resistor R (which should have a resistance equal to the 
voice-coil impedance of one of the speakers) has to be used to provide correct matching 
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when one speaker only is operating. Only half the full power output is available 
when one speaker is operating alone j the full power output is, however, available 
when both speakers are operating together (switch position 1). This has the result 
that the switching in of the second speaker does not affect the volume level of the 
first speaker, the resistor R really being a dummy load to take the power which 
would otherwise be supplied to the second speaker. The two switches Sx and S 2 
may be made from a single wafer wave-change switch. 

A preferred arrangement, which does not result in any power loss under any cir- 
cumstances, is the use of a tapped secondary winding on the transformer. The full 
winding on the secondary is used for one or other loudspeaker, while the tap is used 
for both operating together ; this involves a more elaborate switching arrangement 
but one which may be justified in certain circumstances. 

The use of an appreciable amount of negative voltage feedback results in nearly 
constant voltage across the load under all conditions, and minimizes changes in 
volume level with any form of switching. 

When the loudspeaker is some distance from the transformer secondary, the power 
loss in the connecting wiring should not exceed 15%. 

Line length for 15% line power loss in low impedance lines : 



Wire 


size 


Load Impedance (Ohms) 


A.W.G. 


S.W.G. 


2 


4 


6 


8 


10 


15 


14 


16 


60 ft. 


120 ft. 


180 ft. 


240 ft. 


300 ft. 


450 ft. 


16 


18 


38 ft. 


75 ft. 


113 ft. 


150 ft. 


190 ft. 


285 ft. 


18 


19 


23 ft. 


47 ft. 


70 ft. 


95 ft. 


118 ft. 


177 ft. 


20 


21 


15 ft. 


30 ft. 


45 ft. 


60 ft. 


75 ft. 


112 ft. 


22 


23 


9 ft. 


18 ft. 


28 ft. 


37 ft. 


47 ft. 


70 ft. 



Reference 20. 



(iv) Operation of loudspeakers at long distances from amplifier 

When one or more loudspeakers are to be operated at a considerable distance from 
the amplifier, it is usual to have at the amplifier a transformer to step-down, for 
example, to a 500 ohm " line " which may be in the form of ordinary electric power 
wiring for distances up to several thousand feet. At the far end there must be 
another step-down transformer from 500 ohms to the correct impedance to match 
the voice coil circuit impedance. In such a case the " line " does not itself impose 
any appreciable load ; the loudspeaker impedance is reflected back through the trans- 
former to load the line. 

Line length for 15% line power loss in 500 ohm lines : 



Wire size (A.W.G.) 
Wire size (S.W.G.) 
Length of line (feet) 



Although 500 ohms is a popular value, any lower or higher value may be used pro- 
vided that the resistance of the line is not too great, and that the capacitance across 
the line does not seriously affect the high frequency response. 




A very popular line impedance is 600 ohms. 
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SECTION 3: LOUDSPEAKER DIVIDER NETWORKS 

When two loudspeakers are used in a 2 way system, it is necessary to have a frequency 
dividing network. The attenuation characteristic may have an ultimate slope of 
6, 12 or 18 db per octave, but the most generally satisfactory compromise is 12 db 
per octave. A slope of 6 db per octave is usually insufficient to prevent overloading 
of the high frequency unit at frequencies below the cross-over frequency. 

The theory of frequency dividing networks is covered in Chapter 4 Sect. 8(x). 
The simplest possible arrangement is Fig. 4.53A for which the values of L and C 
are given on page 184 for known values of R and the cross-over frequency /„. In 
order to obtain reasonably satisfactory performance, the high-frequency unit should be 
a fairly substantial 5 in. or larger loudspeaker, and the cross-over frequency should 
preferably be between 800 and 1200 c/s. The high frequency response will obviously 
be restricted. The low frequency unit should have reasonable response up to about 
2000 c/s. One of the most popular arrangements for good fidelity is the series- 
connected constant-resistance type of Fig. 4.53B giving an ultimate attenuation of 
12 db. Both inductors and both capacitors have identical values. Here L a = 
RJ(2V2*fc) and C x = l/^sftRj). For example, let the voice coil impedance 
R be 10 ohms, and the cross-over frequency 800 c/s. 

Then L t = 10/(2 x 1.41 x ir X 800) = 1.41 millihenrys 
and C, = 1/(1.41 x w x 800 x 10) = 28.2 )jF. 

The parallel-connected constant resistance type is also used (Ref. 21). 

Air cored multilayer solenoids may be used for inductances up to 8 millihenrys. 
Suitable sizes of formers are 1J in. dia., with axial length f in. for inductances from 
0.5 to 2.0 mK sou lj in. xcr inuuctanccs from 2.0 to 8.0 mli. ±ue wmuing wire 
may be 17 A.W.G. (18 S.W.G.) double cotton enamelled copper. The outside dia- 
meter will be less than 4 in. for the values quoted above. 
FIG. 21.8 



Fig. 21.8. Filter type fre- 
quency dividing network, 
series connection. 

H.F. 
SPEAKER 



The number of turns may be calculated from the formulae of Chapter 10 Sect. 
2(iv)A or alternatively from curves (Ref. 11 for 17 A.W.G. D.C.E.). 

Iron cores introduce distortion, and are therefore undesirable. However if iron- 
cored inductors are used, an air gap of 0.008 in. or 0.010 in. should be provided 
(Ref. 6 p. 101). Ferrite cores present possibilities for this application. 

In the filter type arrangement which is also popular, the two inductors and the 
two capacitors have different values, and the nominal attenuation is 12 db per octave 
(Fig. 21.8). Taking the design constant m = 0.6, we have 
L„ = R /(2*f e ) C * = V(2^«i?o) 

L 8 = 2? /(3,2*r/ c ) C 8 = 0.8/(77/ e K ) 

where L is in henrys and C is in farads (Refs. 6, 19). 

In all cases the series connection is preferable to the parallel connection. Resistance 
in the inductors has a slight effect on the attenuation at the cross-over frequency, while 
it also introduces insertion loss (0.3 to 1 db). Care should be taken to keep the re- 
sistance as low as practicable. The usual position is between a single power amplifier 
valve (or two in push-pull or parallel) and the loudspeakers. The insertion loss is 
therefore a loss of maximum output power. The divider network may be connected 
either on the primary or secondary side of the output transformer, the latter being 
more usual — in this case the transformer must be suitable for the total frequency 
range of both units. 
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If the dividing network is placed on the primary side, each of the two output trans- 
formers is only called upon to handle a limited frequency range, and may be of cheaper 
construction. One interesting application is Fig. 21.9 (Refs. 9, 16). For a plate- 
to-plate load of 5000 ohms and a cross-over frequency of 400 c/s the component 
values are : 

L x =. 2.0 henrys (series aiding) ; inductance T x primary = 50 henrys min. ; 

L 2 = 1.0 henry (with air gap) ; T 2 primary inductance = 2.0 henrys (with air 

gap) ; C x = 0.16 ^F : C 2 = 0.04 pF : leakage inductance of T x not over 1 

henry : leakage inductance of T 2 not over 0.05 henry. 




Fig. 21.9. Alternative form 
of divider network using two 
stepdown transformers (Ref. 9). 



It has been shown that the arrangement of Fig. 21.9 produces less distortion than 
the conventional circuit : this is due to two features. Firstly, the low-pass filter 
L 1} 2Ci attenuates high frequencies propagating in either direction ; as a result 
the harmonic components of magnetizing current in T x have less effect on the high- 
pass channel. Secondly, the low-pass filter attenuates high frequencies on their way 
to 7*! so that the transformer is only called upon to handle a limited range of fre- 
quencies, thereby reducing the distortion (Ref. 9). 

In the case of separate amplifiers for low and high audio frequencies, the divider 
network preferably precedes the amplifiers. This permits separate attenuators to 
be used for each channel ; these may be used for balancing the two units, or for tone 
control. 

If the high frequency unit is more sensitive than the low frequency one, a simple 
form of fixed attenuator may be incorporated (Fig. 21.10). Here 
R x + R a = R and R x /R a = {E x /E t ) - 1 
where R z = R t R /(Rt + JR ). 

For-example, to give (f?i/2?a) = 2 (i.e. an attenuation of 6 db) : 
R x = \r and R s = R . 



FIG. 21.10 



L.F. 
SPEAKER 







Fig. 21.10. Complete circuit from valve 

plate to loudspeakers, incorporating the 

filter of Fig. 21.8 with an attenuator on 

the h. f. speaker. 



If it is desired to use this as a variable attenuator to give tone control, it should pre- 
ferably be of the constant input impedance type such as the L pad LFig. 21.11, also 
see Chapter 18 Sect. 3(iii)]. If a simpler type must be used, it may be designed as 
for fig. 21.10 to give the correct input impedance at the normal operating position, 
but with a sliding contact. It will then have an incorrect impedance at any other 
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setting ; the effect is only slight if the sensitivity of this unit is very much greater than 
the other, as happens with horn and direct-radiator assemblies. 

If one loudspeaker unit has a lower impedance than the other, an auto-transformer 
may be used to provide correct matching. This may not be necessary if an attenuator 
is used on one unit. 

FIG. 2l.ll 



Fig. 21.11. L type level control providing I— ^ 



constant input resistance 



nasi 

Secondary for 10 A Load ' ion. 



It is important to check for the phasing of the two loudspeakers ; in the vicinity of 
the cross-over frequency both units should be in phase (aiding one another). This 
may be checked by the use of a single dry cell connected in series with the secondary 
of the transformer ; in the case of 2 ohm voice coils there may be a 5 ohm limiting 
resistor connected in series with the cell. 

References 1, 2, 6, 9, 11, 12, 16, 19. 
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SECTION 1 : INTRODUCTION 

Aerials and transmission lines differ from simple electrical networks in that their 
inductance, capacitance and resistance are not lumped but are distributed over dis- 
tances such that the time required for electrical energy to travel from one part to 
another has to be taken into account. In a single chapter it is, of course, impossible 
to attempt to give a theoretical treatment of these devices. What will be done will 
be to present some useful formulae, a few physical pictures of the processes which 
occur and some results of practical experience with aerials and transmission lines. 

SECTION 2 : THE TRANSMISSION LINE 

(*) Introduction (ii) The correct termination for a transmission line (Hi) Impedance- 
transforming action of a transmission line. 

(i) Introduction 

A transmission line consists of an arrangement of electrical conductors by means 
of which electromagnetic energy is conveyed, over distances comparable with the 
wavelength of the electromagnetic waves, from one place to another. The theory 
of transmission lines provides a link between circuit theory and the field theory of 
electromagnetic waves inasmuch as the properties of such lines may be determined 
either from the picture of a transmission line as a filter network with an infinite number 
of elements, or from the picture of electromagnetic waves guided between (usually) 
a pair of conducting surfaces. 

Some of the properties of transmission lines will now be given. 

(ii) The "correct" termination for a transmission line 

A uniform transmission line has what is called a " characteristic impedance ". This 
is the impedance that would be measured at the end of such a line if it were infinitely 

890 
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long. The importance of this characteristic impedance lies in the fact that if any 
length of line is terminated in an impedance of this value, then all the energy flowing 
along the line is absorbed at the termination and none is reflected back along the line. 
A result of this is that the input impedance of any length of transmission line terminated 
in its characteristic impedance is equal to the characteristic impedance. At radio 
frequencies, the characteristic impedance of all normally-used types of transmission 
line is almost purely resistive. 

The value of the characteristic impedance for a low-loss line is 
Z„ = VTJC (1) 

where L and C are the distributed inductance and capacitance per unit length of the 
line. The velocity of propagation of electromagnetic waves along such a line is 

v = 1/vTc (2) 

With air as the dielectric, v — 3 x 10 8 metres per second, which is the velocity of 
light*. For other dielectrics 

v ' = 3 x 10VV-K metres per second (3) 

where K = dielectric constant. 

In cables with polythene dielectric, for example, K = 2.2 and v is therefore 0.67 
of the velocity of light. This means that the wavelength of the waves in the cable 
is only 67% of the wavelength in air. 

For a low-loss transmission-line the characteristic impedance may be found if C 
and L are determined. Actually it is not necessary to determine both — one is suffici- 
ent. 
If we combine (1) and (2) we obtain 

Z„ = 1/vC = vL. i.4) 

For a transmission line consisting of a pair of parallel conductors 

276 d 

Z = —p^ log 10 - ohms (5) 

VK r 

where d is the distance between the centres of the conductors and r is the radius of 
each conductor. 
For a co-axial line 

138 , r i 
Z =— log 10 - (6 ) 

where r x is the inside radius of the outer conductor and r 2 is the outside radius of the 
inner conductor. 

(iii) Impedance-transforming action of a transmission line 

If the line is terminated in an impedance Z L which is not equal to the characteristic 
impedance Z„ of the line (or, in other words, the load is not matched to the line), then 
the energy is not completely absorbed at the termination, but some is reflected back 
along the line. As a result of this, standing waves are formed on the line, and the 
value of the input impedance to the line depends on the length of the line. The ratio 
of the voltage (or current) in the backward wave to that in the forward wave is called 
the reflection coefficient and has a value 
Z L - Z 

z L + z U) 

The standing-wave ratio in the line is the ratio of the maximum to the minimum 
voltage (or current) that appears at points along the line. (The distance between 
a maximum and an adjacent minimum is one quarter wavelength). 

The standing-wave ratio has a value — ■ 

1 + |*| 

9 = r^w\ (8) 

If Z L is resistive and has a value R L , then (8) becomes 
P = R L /Z or Z /R L , (9) 

depending on whether R L is greater or less than Z . 

*A more precise value is 2.9979 x 10 metres /sec. — see Chapter 9 Sect. ll(iii) and Ref. El. 
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For a transmission-line having no dissipation, the input impedance Z* is given by 

7-7 Z L COS & + J Z « Sin ff nm 

** ~ Z ° Z cos jM + jZ L sin jW U J 

where jS = 27t/Aj A being the wavelength of the waves in the transmission line and / 
the length of the transmission line. 

If / is equal to any integral number of half waves, then 

cos j3/ = cos tin — ± 1 

sin j3/ = 

and Z< = Z x , (11) 

i.e. the input impedance is equal to the load impedance irrespective of the value of Z . 
On the other hand, if the line has a length equal to an odd integral number of quarter- 
waves, then 

Z,. = Z 7Z £ (12) 

This relation is interesting, because it shows the basis of the quarter-wave trans- 
former, which is used extensively. The section of line will match a generator to a 
load if Z is chosen to be equal to the square-root of the product of the generator and 
load impedances. 



SECTION 3 : AERIALS AND POWER TRANSFER 

(i) Introduction («) Power transfer. 

(i) Introduction 

The function of a receiving aerial is to collect electromagnetic energy which is pass- 
ing through the space surrounding the aerial, and to pass this energy into a radio re- 
ceiver. 

(ii) Power transfer 

We consider first the simplest case of energy transfer between a transmitter and a 
receiver, where two straight dipole aerials are placed a large number of wave- 
lengths apart and are far removed from any reflecting surface, such as the earth. 
Suppose that one aerial is energized by a transmitter, and that the other is connected 
to a receiver. If the power of the transmitter remains fixed, then we find that the 
power appearing at the receiver is dependent on a number of factors — ■ 

(a) The received power is greatest when the aerials are parallel to each other (for 
short aerials, the maximum occurs when the axis of each aerial is perpendicular to 
the line joining the centres of the two aerials ; for aerials longer than one half-wave 
length, this is not necessarily so). 

(b) The received power is inversely proportional to the square of the number of 
wave-lengths between transmitting and receiving aerials. 

(c) For aerials less than one half-wave in length, the power, received is independent 
of the length of either aerial, provided the aerials can be matched without loss to 
the transmitter or receiver. In practice, however, aerials very short compared with 
a wave-length are characterised by high ohmic losses. 

Paragraphs (b) and (c) may be summarized quantitatively as follows. 

If P T is the power emitted from a dipole aerial (less than half-wave in length) and 
P R is the power available for transfer from the receiving aerial to a receiver, and n is 
the number of wavelengths between transmitting and receiving aerials, then 

3 - ra ! 

Although this formula applies only when the aerials are situated in free space (or, 
as is shown later, when the transmitting and receiving aerials are of the short vertical 
type, situated close to a flat perfectly conducting earth), the formula is useful in illus- 
trating a very important fact, which is, that in the transfer of power between two 
aerials, the number of wave-lengths, rather than the distance, is the signific- 
ant parameter. As an illustration of this we may compare the energy available 
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at a receiver when the frequency of the emitted wave is (a) 600 Kc/s and (b) 150 Mc/s. 
We assume that the energy radiated in each case is 1000 watts and the distance be- 
tween transmitter and receiver is 20 kilometres. 

On applying the formula (13) we find that in the medium-frequency case, the power 
available at the receiver is 8.8 milliwatts, while in the v-h-f case the power available 
is only 0.142 microwatts. 

This means that if both signals are to be amplified to produce, say 1 watt at the de- 
tector then the amplification required in the first case is approximately 20 decibels 
while in the second, it is nearly 70 decibels. 

These figures partly explain why a crystal receiver is very effective for long-wave 
reception, whereas a receiver required for v-h-f work usually has a large number of 
stages of amplification. 



SECTION 4 : CHARACTERISTICS OF AERIALS 

(*) Effective area of a receiving aerial (it) The power gain of an aerial (iii) The 
beam-width of an aerial. 

(i) Effective area of a receiving aerial 

The radio-frequency power passing through a unit area placed at right angles to the 

direction from a transmitting aerial does not (in free space) depend on the frequency. 

Its value is given by 

3P 
& =-- ~^i watts per square metre (14) 

OTra 

if the distance d from the transmitting aerial is given in metres, and P T is in watts. 

Why is the power available at the receiver dependent on the frequency ? The reason 

is that the effective area for capture of energy by the receiving aerial depends on the 

frequency. 

The power available at the receiver is 
P R = <M (15) 

where A is defined as the " effective area " of the receiving aerial. 

If we substitute values of P R and from (13) and (14) we find that the effective 
area for a short dipole is 0.119A 2 . In the example given above, A is approximately 
30 000 square metres in one case and is less than 0.5 square metre in the other. The 
reason for the enormous difference in the energy available at the receiver in the two 
cases is now clear. 

In the following table, the effective areas of various types of aerial are given : 

TABLE 1 



Type 



Effective Area 



Short dipole 

Half-wave dipole 

Half-wave dipole with reflector 

Broadside array with reflectors 

Broadside array, without reflectors 

Short vertical aerial near earth 



3A 2 /8tt or approx. 0.119A 2 

0.130A 2 

6.25A 2 to 0.50A 2 (depending on spacing) 

Physical area, approximately 

Physical area/2, approximately 

3A716tt 



It will be seen from the table that the effective area for capture of electromagnetic 
energy by a short dipole is approximately equal to an area bounded by a circle which is 
at a radial distance of A/1.6w from the dipole. The physical significance of this is 
that such a circle very roughly forms the boundary between the region in which the 
local induction field of the aerial predominates and the region in which the radiation 
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field is the major component. Hence we can picture the aerial as capturing the energy 
which falls within the region in which the induction field of the aerial is of significant 
magnitude. 

A broadside array of dipoles with a reflecting curtain can absorb all the energy that 
falls on it. Without the reflectors, it absorbs only half the incident energy and radiates 
one quarter back towards the transmitter and one quarter in the opposite direction. 
A similar effect occurs with a dipole. If it absorbed all the energy available to it 
and reradiated none, then its effective area would be double the value given in Table 1. 
A reflector is required to achieve this. 

(ii) The power-gain of an aerial 

The power-gain of a receiving aerial is the ratio of the power appearing at the input 
terminals of a receiver which is attached to the aerial to the power that would appear 
at the receiver if the aerial were replaced by a simple type of aerial (usually a half-wave 
dipole). 

The power gain, G, of an aerial, therefore, must be equal to the ratio of the effective 
area A of the aerial to that of the comparison aerial. 

With the half-wave dipole as the comparison aerial, we have 

G = ^/0.130A 2 (16) 

As an example we may consider the case of an array of N half- wave elements spaced 
one half-wave length and arranged in the form of a rectangular curtain. Then from 
Table 1 we find 

A s*t Physical area/2 <& (N/2)(X/2)(X/2) = NX 2 /8 (17) 

Therefore G a* ATA71.04A 1 ^ n (18) 

i.e. the power-gain of a broadside array of half-wave elements is approximately equal 
to the number of elements in the array. 

(iii) The beam-width of an aerial 

For a directional aerial having one major lobe m its directivity pattern there is a 
rough but useful rule to determine the angular width of this lobe. If the aerial has a 
breadth of n wave-lengths in any particular direction and the beam-width 8 of the main 
lobe is measured in the same plane, then 

<*s 60/m degrees (19) 



SECTION 5 : EFFECTS OF THE EARTH ON THE PERFORMANCE 
OF AN AERIAL 

(i) Introduction (ii) A perfectly-conducting earth (iii) An imperfectly-conducting 
earth (iv) The attenuation of radio waves in the presence of an imperfectly-reflecting 
earth. 

(i) Introduction 

In the previous section the effect of reflecting surfaces has been disregarded. In 
practice, these effects must be taken into account, except in rare cases. The two 
" surfaces " to be considered are the earth and the ionosphere. We deal here with 
the effect of the earth. 

(ii) A perfectly-conducting earth 

The effect of the earth on the propagation of radio-waves is complicated and no 
attempt will be made here to treat it at all fully. As a first approximation one can 
consider the earth as a perfectly conducting flat surface. This enables one to use a 
device which simplifies the treatment considerably. One imagines an image of the 
aerial in the reflecting surface, and then the problem may be treated as one in which 
the aerial and its image are situated in free space. (The sign of the instantaneous 
potentials in the image are reversed from those in the aerial). 



22.5 



(ii) A PERFECTLY-CONDUCTING EARTH 



895 



In Fig. 22.1 are shown the effects of the earth on the field pattern of a short vertical 
aerial and of a short horizontal dipole. It will be seen that the earth has no effect on 
the field pattern of the vertical aerial apart from removing the lower half of the pattern. 
With the horizontal aerial, however, there is complete cancellation of the waves in 
the horizontal plane and the resultant effect is zero. 

The conclusion may be drawn from the diagram that where waves are arriving at 
the aerial in directions parallel to the plane of the earth, then one would expect a 
vertical aerial to be very effective while a horizontal aerial would be ineffective. (This 
applies to a transmitting as well as to a receiving aerial). It will be seen later that this 
conclusion does not fit the facts, in all cases, because the earth is not a perfect con- 
ductor. At medium and low radio-frequencies, however, it is in agreement with the 
facts— horizontal aerials are of no use in communicating between two points both close 
to the earth. 

When waves are arriving at the aerial in directions inclined to the horizontal (as, 
for example, in the case of short-wave communication via the ionosphere) then either 
horizontal or vertical aerials may be used. If the distance between transmitter and 
receiver is not great, however, then the waves will be arriving at nearly vertical in- 
cidence and the horizontal aerial will be superior, provided that it is placed at a suitable 
height above the earth. The height at which the aerial should be placed above the 
earth depends on the angle of elevation of the waves which are to be received. The 
height is different for horizontal and vertical aerials. 

In Fig. 22.1, for an angle of elevation B, the distance d between the path lengths of 
waves to the aerial and to its image should be equal to an even number of half-waves 
in the case of a vertical aerial, and an odd number of half-waves in the case of a hori- 
zontal aerial. Simple trigonometry shows that this corresponds to a height h given by 
h = «A/(4 sin ff) ' ' ' (20) 

where n is an even integer for a vertical aerial and an odd integer for a horizontal aerial. 
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Fig. 22.1. Effects of the earth on the field pattern of a short vertical aerial (A) and 
of a short horizontal dipole (B). Both (A) and (B) are cross-sectional views, and in (B) 
the sign + indicates direction of current into the paper while the sign — indicates the 
opposite direction. Polar diagrams of a short vertical aerial and a short horizontal 
dipole., both close to earth, are shown in (C) and (D) respectively. 
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(iii) An imperfectly-conducting earth 

The propagation of radio-waves close to the surface of a finitely conducting earth 
has been studied theoretically for many years. Zenneck first produced a solution 
to the problem, and later Sommerfeld gave a more accurate analysis. Unfortunately, 
the incorrectness of Zenneck' s analysis combined with a small error in Sommerfeld' s, 
created some confusion that has persisted until the present day. As a result of the 
errors, it appeared that a special type of wave was propagated in the vicinity of the 
ground-plane. This wave was called a " surface-wave." It is known now, that this 
Zenneck " surface-wave " does not exist, but the name still appears in the literature 
on wave propagation. It is applied to the waves that travel between transmitting and 
receiving aerials when both are close (in terms of a wavelength) to the surface of the 
earth, as for example, in medium-wave broadcasting. When the aerials are raised 
several wave-lengths above earth, then the waves travelling between them are called 
" space-waves." These terms are artificial, but they serve some purpose in that they 
indicate that the conditions of propagation between two aerials placed close to the earth, 
are markedly different from those between two aerials elevated several wave-lengths 
above the earth's surface (as in v-h-f broadcasting). 

In the conditions of propagation to which the term " surface-wave " is applied, 
vertical aerials are superior to horizontal aerials. Thus vertical aerials are always 
used in medium-frequency broadcasting. (The horizontal portion of a medium- 
frequency receiving or transmitting aerial plays no useful part, except to increase the 
efficiency of coupling to the receiver or transmitter). 

When the aerials are raised several wave-lengths above the earth, as is usually the 
case in v-h-f communication, then horizontal and vertical aerials have roughly equal 
effectiveness. 

When waves are not arriving at the aerial in a horizontal direction, then the differ- 
ence between an imperfectly conducting earth and a perfectly conducting one is not 
so marked. Hence for short-wave communication one can treat the earth as a perfect 
conductor without introducing serious error in the calculations. 

(iv) The attenuation of radio- waves in the presence of an imperfectly- 
reflecting earth 

At short distances from a transmitting aerial the resistivity of the earth does not 
have a major effect on the energy reaching the vicinity of the receiving aerial. The 
principal effect of the earth is that the energy flowing through unit area placed at right 
angles to the line of propagation is doubled. The reason for this is that the trans- 
mitting aerial is now emitting its energy into a hemisphere instead of into a full sphere 
as was the case in free-space propagation. 

Instead of the relation (14) we have now 

<P = 3P T /A-nd 2 (21) 

where the symbols have the same meaning as in formula (14). 

For a similar reason the effective area for capture of radiation by the receiving aerial 

is half that of the free-space case. For a short vertical aerial the effective area is 

A = 3A7167T. (22) 

The effects at the transmitting and receiving aerials, however, are such that the 
power attenuation between the two is the same as in the free-space case, so (13) is 
still applicable. 

As the distance between the two aerials is increased, it is found that the attenuation 
actually found between transmitter and receiver becomes increasingly larger than that 
given by (13). This is the result of both the finite conductivity and of the curvature 
of the earth. 

For the range of frequencies used in medium-wave broadcasting, and for earth 
of average conductivity (<? = 7 x 10 -14 e.m.u.), values of the power-flux per unit 
area at the receiver are shown in Fig. 22.2. 

Such curves are frequently given in terms of the strength e of the electric field of 

the wave. To convert this into power-flux per unit area, one may use the relation 

e = \/377* volts per metre (23) 
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Fi£. 22.2. Attenuation at 
(1 KW radiated, short aerial, 



medium frequencies of the radiation from a transmitter 
average earth conductivity, a = 7 X 10~ 11 e.m.u., e = 15). 



where <P is expressed in watts/metre 2 . 

Sometimes it is required to know the strength H of the magnetic, field of the wave. 
This is related to the electric field by the expression 

H = (e/377) ampere-turn/metre* (24) 

As a matter of interest, it may be noted that e and H are analogous to voltage and 
current in electrical circuit theory. On this analogy the number 377 appears to denote 
a resistance, and is called the intrinsic resistance of free space, f 

At very-high-frequencies, the attenuation of waves between two aerials close to 
the ground is rapid. This corresponds to the case of the so-called " surface waves " 
referred to in the previous section. Fortunately it is not difficult, at these frequencies, 
to raise the transmitting and receiving aerials several wave lengths above ground and 
achieve the conditions for " space-wave " propagation, where the attenuation is very 
much less. 

For such conditions, a rough but useful formula for the attenuation is given by 
P R /P T = (1.5 A r V" 2 ) 2 (25) 

where h T and h R are the heights (in wavelengths) above earth of the trans- 
mitting and receiving aerials, and the other symbols are the same as in (13). 

More accurate values may be found by using Figs. 22.3, 22.4 and 22.5. 

♦The ampere-turn/metre is the unit of magnetic field strength in the Rationalized Meter Kilogram 
Second (M.K.S.) system of units. 

1 ampere-turn/metre = 4 x IO- 3 e.m.u. (oersted), 
t Note : e/H in e.m.u. = c ; e/H in e.s.u. = 1/c. 

e expressed in e.s.u. = H expressed in e.m.u. Refer to Chapter 38 Sect. l(ii) on electrical and 
magnetic units. 
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Fig. 22.3. Effect of raising the receiving aerial above the earth (1 KW at 45 Mc/s 
radiated over earth with conductivity a = 10~ 13 e.tn.u. and transmitting aerial 30 feet 
above the earth). The same curves also apply when the transmitting and receiving 

aerials are transposed. 

Fig. 22.3 shows the effect of raising the aerial above the earth* for a frequency of 
45 Mc/s, and indicates that unless the aerials are close to the earth, horizontal and 
vertical polarizations have practically equal effectiveness. 

Fig. 22.4 and 22.5 for frequencies of 75 and 150 Mc/s were derived by T. L. Eckers- 
ley for vertically polarized waves,, but may be used also for horizontally polarized 
waves with little error when the aerials are at heights above earth corresponding to 
normal practice. 



•An infinitely short dipole has been assumed. 
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Fig. 22.4 (A) Attenuation at 75 Mc/s of the radiation from a transmitter (1 KW 'radiated 
over earth with a = 10~ 13 - e.m.u., e = 5, with receiving aerial at zero height) ; (B) 
Multiplying factor for height ef receiving aerial above earth. 
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Fig. 22.5. (A) Attenuation at 150 Mc/s of the radiation from a transmitter (1 KW 

radiated over earth with a = 10~ 13 e.m.u., e — 5, with receiving aerial at zero height) ; 

(B) Multiplying factor for height of n 
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SECTION 6 : THE EFFECT OF THE IONOSPHERE ON THE 
RECEPTION OF RADIO SIGNALS 

Radio propagation over long distances on the earth is possible because of the pre- 
sence of layers of ionized gas in the higher atmosphere of the earth. Signals reflected 
from the ionosphere are used exclusively in short-wave reception. 

The principal reflecting layers in the ionosphere are the E and F 2 layers, situated 
at roughly 60 miles and 200 miles, respectively, above the surface of the earth. The 
E layer is a poorly reflecting surface and hence short-wave communication almost 
exclusively takes place via the F 2 layer. In designing a receiving aerial for short- 
wave communication, one must calculate the angle of elevation at which signals will 
arrive at the aerial, and then use the relation (20) to determine the height at which the 
aerial should be placed above earth. This calculation involves a knowledge of the 
height of the ionospheric layer, the distance between transmitting and receiving aerials, 
and the curvature of the earth. 

The Australian reader is referred to the " Radio Propagation Handbook " and the 
" Monthly Ionospheric Predictions " produced by the Ionospheric Prediction Service 
of the Commonwealth Observatory, for information on communication by way of the 
ionosphere. In America the equivalent publications are the N.B.S, Circular 465 
" Instructions for the use of basic radio propagation prediction " and CRPL-D pub- 
lication " Basic radio propagation predictions" obtainable from the Central Radio 
Propagation Laboratory, National Bureau of Standards, Washington, D.C. The 
English reference is Bulletin A, published by Radio Research Station, National 
Physical Laboratory. 

See also Chapter 8 References 5, 7 and 10. 

In medium-wave broadcasting the ionosphere does not reflect any appreciable 
amount of energy during daylight hours. At night, however, waves are reflected 
back to the earth from what remains of the E layer (unlike the F layer, the E layer 
practically disappears at night) and these waves provide a secondary, or fading, service 
during the night hours over distances of hundreds of miles. Unfortunately, these 
reflected waves reach the earth also at relatively short distances (50 to 100 miles) from 
the transmitter and combine with the ground waves to produce a very objectionable 
type of fading. Hence the primary or non-fading service area of a medium-wave 
broadcasting station may be less at night than during the day. Aerials that favour 
signals which arrive horizontally and discriminate against those that arrive from high 
angles will diminish this undesirable effect. This normally cannot be done very 
effectively because the height required for the aerial is neither possible nor economical 
in a receiving installation. The best that can be done is to avoid types of aerials 
that accentuate this effect. Where night-time fading of signals is encountered, 
straight vertical aerials should be used. Loop aerials and inverted-L aerials with 
long horizontal sections should be avoided, and care should be taken that r-f coupling 
between the power mains and the receiver is kept to a minimum. 



SECTION 7 : THE IMPEDANCE OF AN AERIAL 

(i) Introduction (it) Resistive component of impedance (iii) Reactive component 
of impedance (iv) Characteristic impedance of aerial (v) Examples of calculations 
(vi) Dipoles (vii) Loop aerials. 

(i) Introduction 

In the previous sections, the energy ideally available at the receiver terminals has 
been calculated. This energy is available, however, only if the receiver is matched 
to the aerial, and if there are no resistive losses associated with the aerial or aerial- 
earth system. 

If the input circuit of a receiver is to be designed to extract the maximum energy 
from the radio-waves that are passing the aerial, then a knowledge of the component 
parts of the impedance of the aerial is required. 
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(ii) Resistive component of impedance 

The first part of the aerial impedance to be considered is the resistive part con- 
cerned with the coupling between the aerial and the space around it. This is called 
the Radiation Resistance of the aerial and is the resistance that would be measured 
at the point of maximum current in a tuned aerial, in the absence of resistive losses. 
If a load resistance of this value 
is placed in the aerial at the point 
considered, then the aerial would 
extract from a passing wave an 
amount of power equal to the 
" available power " calculated in 
the previous sections. 

The calculation of the radia- 
tion resistance of an aerial is not 
easy, and in most cases the calcu- 
lations provide only approximate 
answers. The reader is referred 
to standard texts for these ap- •> 
proximate methods of calcula- .§ 
tion. I 

If the impedance is measured 8 
at the base of an ideal vertical 2 
aerial, then the resistive compon- jj 
ent is called the Base Radiation 
Resistance. Values of this § 
for the types of aerial com- o 
monly used in medium-fre- S 
quency reception are given in 
Fig. 22.6. | 

If the r-f resistance at the base 
of an aerial is measured, it will 
be found to be greater, in general, 
than the calculated radiation re- 
sistance. The difference repre- 
sents the loss resistance associ- 
ated with the aerial-earth system. 
For a short aerial with small radi- 
ation resistance, the loss resist- 
ance may be many times greater 
than the radiation resistance. 
With such an aerial one can ex- 
tract only a fraction of the power 
ideally available at the terminals 
of the aerial. 
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If we wish to calculate the power that may be extracted from the aerial in the pre- 
sence of resistive losses we proceed as follows. 

The power P R ideally available at the aerial may be calculated and we can use in- 
formation such as that given in Fig. 22.6 to find the radiation resistance R R of the 
aerial. By measuring the base resistance and subtracting R R from this we are left 
with R L , the equivalent series loss resistance of the aerial-earth system. The equiva- 
lent circuit is shown in Fig. 22.7. It may be noted that we have not yet calculated e, 
the equivalent e.m.f. induced in the aerial by the radio-wave. This can be done 
easily however, because we know the resistance /?.. and the power P- that would be 
generated in a load resistance of this value if R L were absent. Across such a load we 
would have a voltage of e/2. 
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Hence e = 2\/P R R R (25A) 

When R L is not negligible, then the load resistance R must 
! Rl be increased to R R + R L for maximum power transfer. 
In this case, the power in the load is 

P' = (I)*/ (Rr + R L ) (26) 

Hence the ratio of power actually extracted from the 
fig. 22.7 aerial to that ideally available (or the radiation efficiency 

Fig. 22.7. Equiva- of the aerial) is given by 

lent circuit of aerial- p '/ p r = r r/( r r + R i)- C 27 ) 

earth system. -jo ^^g a s i mp i e example, suppose that we have a vertical 

aerial of 1/16 wavelength, and an earth resistance of 20 
ohms and that we wish to calculate the radiation efficiency of the aerial. 

From Fig. 22.6 we find R R = 1.6 ohms, and we are given R L = 20 ohms. Then 
P' IP = 0.08, which is the radiation efficiency of the aerial. 

(iii) Reactive component of impedance 

So far, only the resistive component of the base impedance of the aerial has been 
mentioned and we have assumed that the reactive part has been tuned out. It is 
most desirable that we should be able to calculate this reactive component, at least 
roughly, from the aspects of both the design of the input circuit of the receiver and 
the estimation of losses introduced by the tuning reactances. 

A simple way to make an approximate calculation of the reactance of an aerial, 
is to treat it as a section of transmission line. We can simplify this treatment still 
further by neglecting the resistive component of the aerial impedance and by assuming 
that the transmission line has no loss. (This treatment breaks down when the; base 
of the aerial is close to the point of minimum current of an aerial, but this case is very 
seldom met in an aerial designed for reception). Hence we can use the simple trans- 
mission line formula (10). 

If the aerial is a straight wire, then this may be taken as an open circuited length 
of line. The terminating impedance Z L is then infinite and (10) becomes 

Zi = Xi = - jZ cot J8/ (28) 

This formula can be applied also to an inverted L aerial, by neglecting the bend in 
the aerial and by taking / as the total length of wire in the aerial. If the aerial has a 
more elaborate type of capacitance top, then one can proceed as follows. Imagine 
the capacitance top broken at the point at which it joins the downlead of the aerial. 
Use (28) to calculate Z t - for each section of the capacitance top, then combine in parallel 
the values of Z t -. The resultant is then the terminating impedance Z L of the aerial 
downlead. The impedance of this is then obtained from (10). 

(iv) Characteristic impedance of aerial 

As yet, we have given no indication of the value of characteristic impedance Z to 
be assigned to the aerial. Various approximate formulae are available for this, but 
that of Steinmetz is possibly the best. This is 

Z = 138 log 10 (A/rf) - 104 ohms (29) 

where A is the wave-length 

and d is the diameter of the aerial conductor (or cage) measured in the same units 
as A. 

(v) Example of calculations 

The following worked example uses much of the work covered so far in this chapter. 
Example 

A receiving aerial of the inverted-L type has a horizontal top section of 50 ft. length 
and a 30 ft. vertical downlead. The aerial conductor is composed of 7/.029 in. copper 
wire, (a) What is the input impedance of the aerial at a frequency of 1000 Kc/s, 
if the equivalent series earth resistance is 20 ohms ? (b) What voltage will appear 
at the input terminals of a receiver, matched to the aerial, if the receiving aerial is at 
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a distance of 20 miles from a transmitter ? The transmitter has a short aerial (less 
than quarter-wave) and radiates 500 watts. The ground between transmitting and 
receiving aerials has a conductivity of 7 x 10~ 14 e.m.u. 

(a) Calculation of input impedance 

The length of conductor is 80 feet or 24.4 metres, therefore l/X= 24 4/300 = 0.0813. 
From (28), X { = — jZ Q cot 2tt!/X. 
We obtain Z from (29) : 

Z { = 138 ]og 10 1.36 x 10 s - 104 = 603 ohms 
and 2tt//A = 29.3°. 
Therefore X { = - j 603 cot 29.3° = - j 1070 ohms. 

Next, to obtain R R we use Fig. 22.6. For this aerial the ratio of the horizontal 
portion of the aerial to the total length is 0.625. By interpolation between plotted 
values we find that i?^ is approximately 1.0 ohm. The series loss resistance is given 
as 20 ohms, hence the total resistance at the base is 21 ohms. 
The base impedance of the aerial is then 
Zi = 21 — j 1070 ohms. 

(b) Calculation of voltage at receiver terminals 

From Fig. 22.2 we see that at the given frequency and distance the power flux per 
unit area <t> is 2.0 x 10~ 8 watts/m 2 for a radiated power of 1 KW. Hence is 
1.0 x 10~ 8 for 500 watts radiated. The effective area of the aerial is given in Table 1 
as 3A 2 /167r. Hence the power ideally available is 
P R = 1.0 x 10- 8 x 3 x 300 2 /16w 
= 0.535 X 10" 4 watts. 
From (25A) we find that the e.m.f. induced in the aerial (referred to the base radia- 
tion resistance) is e = 2VPrRr — I- 46 x 1° -2 volts or 14.6 millivolts. 

21 ohms -i 1070 ohms 
^-\>VWV , If O 



^(JW'KxKJ'vo.t y ^ F%8 - , 22 ' 8 ' J ^ UtValer l t P™"? °f 

^ r aerial and input circuit of the 



i 2. onm, receiver. 



FIG. 22.8 



The voltage appearing at the aerial terminals will be greater than the induced e.m.f. 
because of the highly reactive impedance of the aerial. The equivalent circuit of 
the aerial and input circuit of the receiver are shown in Fig. 22.8. We see that the 
aerial current is 

i = 1.46 x 10 _z /42 and the voltage at the receiver terminals is approximately 
V = i 1070 = 0.373 volt. 

(vi) Dipoles 

The second type of aerial, the impedance of which we may wish to calculate is the 
dipole aerial. Dipole aerials well removed from the earth may be treated in a manner 
similar to that of a vertical aerial, because, at least approximately, a vertical aerial 
with its image forms a dipole aerial. With the vertical aerial we measure the imped- 
ance with respect to the neutral point (earth) of the equivalent dipole, so the impedance 
is only half that of the equivalent dipole. Hence in calculating the impedance of a 
dipole we can use the results obtained previously, but multiplied by a factor of two. 
Because a dipole aerial (remote from the earth) has no earth loss, it is in general more 
efficient than the equivalent vertical aerial with earth return. 

The most commonly used variety of dipole aerial is the resonant, or half-wave 
variety. When remote from earth it has twice the impedance of a quarter-wave 
aerial, i.e. its impedance is resistive and has a magnitude of 73 ohms. When in the 
vicinity of the earth, the impedance depends on the height above earth. The variation 
is shown in Fig. 22.9. 

Reflectors are sometimes used with half-wave aerials at very high frequencies. 
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In Fig. 22.10 is shown the effect, on the radiation resistance of a half-wave dipole, 
of the spacing between aerial and reflectorj when the latter is tuned to provide maxi- 
mum forward radiation. (For further information on the effects of reflectors the 
reader is referred to Ref. 14). 

(vii) Loop aerials 

Another common type of aerial used in broadcast reception is the loop aerial. With 
such aerials, the radiation resistance at medium frequencies is normally negligible 
compared with the loss resistance of the conductors. The aerial may be treated as a 
lumped inductance, the electrical constants of which can be calculated from well 
known formulae. 
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Fig. 22.9. Radiation resistance of half-wave dipole aerial plotted against height of 

aerial above the earth. 
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Fig. 22.10. Radiation resistance of half-wave dipole aerial plotted against spacing 
between aerial and reflector {tuned to provide maximum forward radiation). 



SECTION 8 : DUMMY AERIALS 

When a signal generator is used in adjusting a receiver and in measuring its per- 
formance, it is necessary that the generator should present an impedance at the input 
terminals of the receiver which is equal to that of the aerial. At a single frequency 
this presents no difficulty ; one may calculate the aerial impedance in the manner 
shown in the previous section and then add appropriate amounts of resistance and 
reactance in series with the generator impedance to produce an impedance equal 
to that of the aerial. 

When the receiver is required to be used over a range of frequencies, the production 
of a dummy aerial that will simulate the aerial is not quite so easy. If the aerial is 
very short and has a radiation resistance less than the aerial-earth loss resistance, then 
we can assume the latter to remain constant in value. We have to produce, therefore, 
a reactance which changes in the same way as that of the aerial. With a very short 
aerial, the term cot j3/ in (28) is approximately equal to l/j8/ and we have 

X ( & -jZ /pl (30) 

which may be reduced to 

* - ik <31) 

where C is the total capacitance of the aerial. 

Hence, for such an aerial, the dummy consists of a fixed resistor in series with a 
fixed capacitor. The impedance of a longer aerial may be represented moderately 
well over a range of frequencies by a resistor, inductor and capacitor in series, all 
shunted by a capacitor. For such networks we refer the reader to sources listed in 
the bibliQ°Ta n hy, 

For standard dummy aerials to be used in receiver testing, see Chapter 37 Sections 
1 and 2. 
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With a receiver designed to operate with a loop aerial, it is not usual to use a dummy 
aerial when testing the receiver. Instead the aerial is left connected to the receiver 
and a known e.m.f. is induced in the loop. This is effected by connecting a second 
loop to a signal generator, and placing the two loops at a suitable distance from each 
other. The e.m.f. induced in the receiving loop can be calculated if, in addition to 
the distance, the dimensions of the loops, the number of turns, and the current in 
the transmitting loop are known. 



SECTION 9 : TYPES OF AERIAL USED FOR BROADCAST 

RECEPTION 

(i) Introduction (») Medium-frequency receiving aerials (Hi) Short-wave re- 
ceiving aerials (iv) V-H-F aerials. 

(i) Introduction 

Only simple types of aerials, such as are employed in broadcast reception, will be 
described here ; no mention will be made of the more complicated aerials used in 
point-to-point communication services. 

There are three important factors to be considered in the design of an aerial for 
reception. 

(a) Its effective area for the capture of radio energy and its efficiency should be 
sufficiently great to provide a signal that will override the internal noise of the receiver. 

(b) It should be placed as far as possible from sources of noise-interference and, 
in particular, it should be situated outside the induction field of such generators. 

(c) If the radio signal should arrive at the receiver by two different paths (e.g. 
ground-wave and sky-wave) so that distortion of the received signal results, then 
the aerial should have sufficient directivity to favour the wanted signal and reject 
the unwanted one. 

At very-Jiigh frequencies, the effective area for capture of radio-energy by an aerial 
becomes so small that the first factor is of great importance. In medium-frequency 
reception, on the other hand, the second factor is the most important. One reason for 
this is that at such wavelengths it is not easy to place the aerial outside the induction 
field of noise sources. This may be seen from the following discussion. 

At a distance of several wave-lengths from an aerial the power flowing through unit 
area falls off as the inverse square of the distance from the aerial. This implies that 
the field strength of the signal falls inversely as the distance [see (23)] from the aerial. 
This field is called the radiation field of the aerial. An aerial has also another com- 
ponent of its field which is the predominating one at points close to the aerial, but 
falls off rapidly and becomes negligible compared with the radiation field at a distance 
of a few wavelengths from the aerial. This is called the " induction field." At a 
distance of approximately one sixth of a wavelength (A/2ir) from a short aerial, the 
components of the induction and radiation field are equal. At shorter distances the 
intensity of the magnetic field of the aerial increases roughly as the inverse square of 
the distance from the aerial while the intensity of the electric field increases roughly 
as the inverse cube of the distance. It is obviously desirable that a receiving aerial 
should be situated outside this zone around a noise source in which the field intensity 
increases very rapidly as the distance between receiving aerial and the generator is 
decreased. This is comparatively easy at very-high frequencies where one sixth of 
a wavelength may be only one or two feet. At medium frequencies, the corresponding 
distance is of the order of 50 yards and it may be difficult to place the aerial at such a 
distance from sources of electrical interference. 

(ii) Medium-frequency receiving aerials 

Aerials short compared with one half-wave length are generally used. These may 
be of the straight-vertical, inverted-L or T types. The characteristics of these have 
been discussed in previous sections. 
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Very small aerials of this type are sometimes used indoors. Such aerials are use- 
ful only when the required signals are of large intensity, because these indoor aerials 
do not fulfil any of the three conditions listed above, except when close to broadcast 
stations. Besides being inefficient because of their small size, they are also partially 
shielded by earthed conductors in the house-wiring. They are also very liable to 
pick up r-f noise carried along the power mains. 

Loop aerials are sometimes used in broadcast receivers. When used indoors 
they have the same drawbacks as the indoor capacitance type aerial, except that if 
shielded, or balanced with respect to earth, they are less sensitive to inductive inter- 
ference from nearby sources of r-f noise. The reason for this is that a balanced or 
shielded loop responds to the magnetic component of the field of an aerial, whereas 
the capacitance type aerial responds to the electric component. In the radiation 
field, these two components are equal and are mutually dependent. In the im- 
mediate vicinity of an aerial they are not equal, and the electric component increases 
more rapidly than does the magnetic field as one approaches the aerial. Hence in 
the vicinity of a radiation source of r-f noise, a loop aerial will pick up less energy than 
will a vertical aerial. 

A loop aerial is more sensitive to waves arriving at steep angles to the plane of the 
earth than is a vertical aerial. Hence it should not be used where interference be- 
tween ground and skywaves is experienced. In such conditions a straight vertical 
aerial is- normally the best type of aerial that can be used. In special circumstances, 
such as occur sometimes in country areas, it is possible to use another type of aerial, 
called a wave-antenna, to reduce ground-wave - sky-wave interference. 

The wave antenna consists of a horizontal wire several wave lengths long suspended 
a few feet from the ground and directed towards the required broadcast station. 

It functions because of an effect that has not been mentioned previously, called 
wave-tilt. This is the production of a radial component of the electromagnetic field, 
when the waves are passing over imperfectly conducting ground. This component 
is picked up by the horizontal wire which, when a wavelength or more long, has 
maximum directivity along its axis. 

(iii) Short-wave receiving aerials 

Since short-wave reception usually is concerned with signals of low field intensity, 
efficient aerials placed well away from sources of interference are required. In an 
earlier section it was shown that the height of the aerial above ground is also important. 
Indoor aerials are most unsuitable for short-wave reception. A half-wave dipole 
placed at the correct height above earth and connected to the receiver by a trans- 
mission line provides an efficient receiving system over a lcstricted range of fre- 
quencies. In short-wave reception, however, one is concerned with a range of ap- 
proximately 3 to 1 in frequency. If the aerial is to provide a reasonably good match 
to the transmission line or receiver over such a frequency range, then a more elaborate 
aerial than the simple half-wave type is required. 

One way of doing this is to arrange a number of half-wave dipole aerials in the form 
of a fan and connect them in parallel. Each dipole is tuned to one of the frequency 
bands allotted for short-wave broadcasting. At resonance the half-wave dipole 
matches a 70 ohm transmission line. The dipoles that are off resonance provide high 
and predominately reactive impedances of both signs in parallel with the 70 ohms 
of the resonant dipole, and have small overall effect. 

Such an aerial is connected to the receiver by a balanced transmission line. The 
receiver must be provided with an input circuit that is also balanced with respect to 
earth. Alternatively an aperiodic balance/unbalance transformer must be connected 
between the transmission line and the receiver. 

An aerial that has similar characteristics to the one described above, but is not of 
the balanced type, is shown in Fig. 22.11. It is essentially half of the fan arrange- 
ment of dipoles. A common type of co-axial transmission line, having a characteristic 
impedance of 50 ohms, is suitable for use with this aerial. A few buried radial wires 
roughly half-wave (at the mid-frequency) in length provide a good earthing system 
for this aerial. 
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Fig. 22.11. Unbalanced aerial system for short-wave 
reception (frequency range 6 fo 18 Mc/s). 
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(iv) V-H-F aerials 

Because the effective area of an aerial at very high frequencies is small and the 
amount of energy that it can supply to the receiver is correspondingly small] it is 
essential that the efficiency of the aerial system should be high. At these frequencies 
the signal power per unit area at the aerial increases as the square of the height above 
ground, so the aerial should be placed at the maximum available height. 

At very high frequencies the dimensions of the aerial are so small that rigid rods, 
rather than flexible wires, are used as aerial conductors. This simplifies the problem 
of the mechanical support for the aerial. Half-wave dipoles and quarter-wave ver- 
tical aerials with a counterpoise are the most common arrangements. The provision 
of a reflector is not difficult and is sometimes advantageous. 

Matching the aerial to a transmission line is effected, when necessary, by means of 
sections of transmission line, rather than by combinations of lumped inductors and 
capacitors. Space does not permit a treatment to be given here of the great variety 
of line-sections, stubs and other impedance transforming devices that are in common 
use at very high frequencies. Nor can we deal with the very large number of varieties 
of aerial in use. A few of the common types are shown in Fig. 22.12. Of these, 
(a), (b), (c) and (d) are designed for reception of vertically polarized waves, and (e) 
and (f) are for horizontally polarized waves. The aerial (a) is the simplest type. It 
consists of a quarter wave radiator connected to the inner conductor of a co-axial line. 
Connected to the end of the outer conductor of the coaxial line is a quarter-wave 
" skirt," which forms, in effect, the second half of a vertical dipole. The impedance 
of the aerial is roughly 70-75 ohms and matches directly a common type of co-axial 
transmission-line. The disadvantage of this aerial is that the " skirt " is coupled 
to the outer conductor of the transmission-line and will pick up signals or noise that 
are present on this. 

Type (b) consists of a vertical quarter-wave aerial with four horizontal quarter 
wave elements which form an artificial earth plane. The impedance of this aerial is 
lower than that of the normal quarter-wave aerial above a full earth plane, and it 
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requires a matching stub, or a quarter-wave transformer to transform its impedance 
to that of a usual type of co-axial transmission line. The impedance of this aerial 
may be increased by a factor of four, by the device shown at (c), and the necessity of 
providing an impedance transformer is eliminated. Type (d) is a discone aerial, 
useful over a wide range of frequencies. 

(e) Is the most commonly used type of horizontal aerial. It consists of two quarter- 
wave arms, one connected to the. inner, and one to the outer conductor of a co-axial 
line. An outer quarter-wave sheath is connected at its lower end to the outer con- 
ductor of the co-axial line. The effect, of this is to isolate the latter from earth, and 
hence preserve the balance of the aerial with respect to earth. 
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22.12. Some varieties 
of v-h-f aerials. 
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(f) Is a modification of (e). The aerial conductors are made in the form of a conical 
cage to increase the frequency-range over which the aerial is effective. In this aerial 
another method of providing the transformation from the unbalanced transmission 
line to the balanced dipole is shown. It consists of splitting the outer conductor of 
the co-axial line into halves, for a distance of one quarter-wave. At the top of this 
" split " the halves of the dipole are connected directly to the outer conductor, while 
the inner conductor of the transmission line is connected to one of them. 

One of the most easily constructed aerials is the folded half-wave dipole, which is 
shown in Fig. 22.12 (g). Whilst the radiation characteristic is the same as that of a 
conventional half-wave dipole, the folding produces an impedance transformation. 
When the conductors are of the same diameter throughout, the input impedance of 
the aerial is approximately 300 ohms. This enables the aerial to be matched directly 
to a 300 ohms moulded transmission line, which is commercially available. The 
spacing between the parallel conductors is not critical but, as in the case of a trans- 
mission line, it must be very small compared with a wavelength. 
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(iv) Design con- 



(i) Aerial coupling 

In any radio receiving system it is necessary to have some means of effectively 
transferring the modulated carrier voltage from the aerial system to the grid of the 
first radio frequency voltage amplifier. The usual method of achieving this result 
is to use some form of aerial coupling transformer which will give the desired voltage 
a larger amplitude than that of any other radio frequency voltages which may also be 
present at the receiver input terminals. 

There are many possible forms of aerial coupling arrangements, but the most 
common type is the inductively coupled transformer, consisting of a primary and a 
secondary winding. The tapped inductance, or auto-transformer, is also extensively 
used, particularly with receivers tuning the broadcast F-M band and in portable 
battery receivers using single turn loops. 

The aerial coupling unit is equally applicable to either tuned radio frequency or 
superheterodyne receivers, since the fundamental problem of effective voltage transfer 
is the same in each case. 

Fixed tuned and untuned aerial stages are sometimes employed. The fixed tuned 
arrangement is more often used where the desired frequency range to be covered is 
only a small percentage of the operating frequency, e.g. in a band-spread range of a 
multi-range receiver, or at v-h-f. The more usual practice is to tune the secondary 
of the transformer by means of a variable capacitor, or alternatively to make the in- 
ductance variable, since this allows the optimum operating conditions, or a close ap- 
proach to them, to be obtained over the required tuning ranges. It is not generally 
of great importance whether the tuning is accomplished by using a variable capacitor 
or a variable inductor. Because of mechanical difficulties with inductance tuners 
the variable capacitor has been more widely used up to the present time. The in- 
ductance tuner is rapidly gaining favour, however, at frequencies around 100 Mc/s, 
and higher, because of the difficulties due to common metal shafts in ganged capacitors 
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and the inductance of the metal parts making up the capacitor. With the ganged 
capacitor arrangement considerable trouble is experienced due to coupling from one 
circuit to another, because it is not an easy matter to earth the shaft effectively be- 
tween sections. The earthing wipers or leads have appreciable reactance and resist- 
ance at v-h-f and these factors are no longer negligible in comparison with the tuned 
circuit impedances. Insulated rotors and stators are of considerable assistance in 
overcoming difficulties due to common shaft coupling. 

(ii) Tuning methods 

Apart from ganged capacitors, many types of tuners have been used at v-h-f, includ- 
ing vane, guillotine, permeability, resonant line arrangements, etc., but all appear to 
have some disadvantages and it cannot be said that any one method is greatly superior 
to all others. Permeability tuning has also achieved some success on the 540 to 1600 
Kc/s A-M, broadcast band, but it does not appear likely, in its present form, to super- 
sede the variable capacitor. 

(iii) R-F amplifiers 

In conjunction with the aerial stage it often becomes necessary to incorporate a 
further stage to obtain additional radio frequency amplification and to increase further 
the discrimination against undesired signals, such as those from other broadcasting 
stations, and in the case of a superheterodyne receiver to limit the effects due to image 
and other spurious responses. This additional stage usually takes the form of a pen- 
tode voltage amplifier operating under class A x conditions and using a fixed or variable 
tuned circuit to act as a load impedance ; an untuned stage may be used in some 
cases. The valve is connected between the aerial transformer and the r-f tuned 
circuit which is in turn coupled to a converter valve or another r-f voltage amplifier. 

Whether the r-f stage carries out its various functions efficiently depends on a num- 
ber of factors. Firstly it is necessary that the input resistance of the valve should not 
be too low at the operating frequency, as this will adversely affect the performance 
of the input circuit — the aerial circuit in the case of one r-f stage. In addition, the 
noise generated by the valve should be low, and in a superheterodyne receiver the 
noise voltage should be very much less than that developed by the converter valve if 
there is to be appreciable improvement in the signal-to-noise ratio. Also the r-f 
stage gain should not be too low, otherwise the converter noise will still have an ap- 
preciable effect on the signal-to-noise ratio. This last requirement calls for valves 
operating at v-h-f to have fairly high values of mutual conductance, since the tuned 
circuit impedances are low and the stage gain is the product of these two factors. 
Grid-to-plate capacitance should be small in conventional voltage amplifiers to avoid 
the necessity for neutralization. Input and output capacitances are also important 
as they set a limit on the possible tuning range. Further considerations of operating 
conditions for valves used as r-f voltage amplifiers are given in Chapter 2 Sect. 4, 
and in Sects. 5, 6, 7 and 8 of this chapter. 

Since the fundamental principles of operation of the aerial and r-f circuits are very 
similar whether we use a t-r-f or superheterodyne receiver, it can be taken that the 
coupling methods and the stage gain and selectivity calculations will apply equally 
well in both cases. Each type of receiver presents its own particular problems but 
it is not intended to enter into a discussion of these matters here. Moreover the 
arguments relating to the relative merits and de-merits of the two systems are well 
known and details can be found in the references listed at the end of the chapter. 

A question which sometimes arises is the desirability of having more than one r-f 
stage in a superheterodyne receiver. It should be quite clear that, provided the gain 
of a single r-f stage is sufficient (say 10 to 15 times) to over-ride the effects of con- 
verter noise, no appreciable improvement in signal-to-noise ratio is obtained by 
adding further r-f stages of the same type. The advantage of additional r-f stages 
lies in the improved selectivity which is possible against image and other undesired 
frequencies. It is generally preferable to obtain any additional amplification which 
may be required in the i-f and a-f stages, depending on the purpose for which the 
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additional gain is required. Further, a number of tuned r-f stages using ganged 
capacitors presents a rather difficult tracking problem, as well as giving rise to the 
increased possibility of unstable operation. Normally, only the transformer secondary 
is tuned and the overall selectivity characteristic is not as good as can be obtained with 
fixed-tuned i-f transformers. The gain and selectivity of the tuned r-f amplifier 
varies with the signal frequency, and a fixed intermediate frequency will allow more 
constant gain and higher gain per stage, for a given range of signal frequencies. The 
higher gain per stage is due to the higher dynamic impedance of the i-f transformer 
when the intermediate frequency is lower than the signal frequency. Even for an 
intermediate frequency higher than the signal frequency, larger stage gains are pos- 
sible because of the better L/C ratio which can generally be obtained. 

Even in cases where signal-to-noise ratio and r-f selectivity are not a problem, it is 
still sometimes advantageous to include a r-f stage. The r-f stage is used as a buffer 
to prevent the radiation of undesired signals from the receiver. A typical case of 
radiation occurs with a v.h.f. F-M receiver operated in conjunction with an efficient 
aerial system. If no r-f stage is used, radiation can occur at the oscillator frequency 
due to voltages at this frequency appearing at the input circuit of the frequency changer. 
This is serious because it opens up the possibility of interference between radio 
receivers which are operating in close proximity to one another. 

It is not proposed, in this chapter, to deal in any great detail with grounded grid 
and other special types of r-f voltage amplifiers, as these are rather specialized applica- 
tions which are not normally used in the design of narrow-band receivers covering 
limited bands of frequencies in the range from say 50 Kc/s to 150 Mc/s. However, 
at frequencies in excess of about 50 Mc/s, input stages using a grounded-grid triode 
are generally capable of giving better signal-to-noise ratios than circuits using the 
conventional grounded-cathode pentode voltage amplifier, but only at the expense 
of r-f selectivity. At the lower frequencies the input resistance of the pentode is 
much higher than that of the grounded grid triode, and so improved gain in the aerial 
coupling circuit can be used to offset the deterioration in signal-to-noise ratio due to 
valve noise. Clearly a better input circuit is possible using a pentode having a lower 
equivalent noise than with a pentode having the same input resistance but higher 
equivalent noise, and valve types should be selected with this in mind. 

In cases where a wide range of frequencies has to be covered, and where the pass 
band of the receiver must be very wide (e.g. in television or multi-channel F-M link 
receivers), the grounded-grid triode offers considerable improvement in signal-to- 
noise ratio even at frequencies well below 100 Mc/s. Other applications occur in 
circuits where neutralization cannot be obtained by normal methods or where the 
circuit requirements are such that the grid must be earthed. 

A special circuit (Cascode) which is of interest (see Ref. A10 Chapter 13) uses a 
grounded-cathode triode voltage amplifier, which is neutralized, followed by a 
grounded-grid triode. This circuit has high input resistance and low equivalent 
noise. It offers appreciable improvement in signal-to-noise ratio over the other two 
types of circuits, particularly at frequencies in excess of about 70 Mc/s. The com- 
bined circuit can be considered as equivalent to a single grounded-cathode triode 
having zero plate-grid capacitance, and a mutual conductance and noise resistance 
equal to that of the first triode valve (the valves used can be types 6J4 or 6J6 etc.). 

Triode circuits of the types mentioned should not be used blindly, particularly 
at the lower frequencies, because the plate resistances of triodes are extremely low 
when compared with those of pentodes, and so the r-f stage gain may be insufficient, 
because the damping of the tuned circuits will be heavy, and also the r-f stage gain 
may be insufficient to make the effects of converter noise negligible. Detailed in- 
formation on grounded-grid and triode r-f amplifiers can be found in Refs. B8, B18, 
A10 and A4. 

(iv) Design considerations 

The design methods to be discussed are equally applicable over any part of the range 
of frequencies mentioned above, but their practical application is rather more difficult 
as the frequency becomes greater, mainly because of the physical size of the com- 
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ponents (including valves) and because the circuit layout is increasingly important 
if satisfactory results are to be obtained. Electron transit time effects in valves be- 
come of greater importance as the frequency is raised because of the changes which 
occur in the valve input and output admittances 1 ''. The valve input admittance must 
be considered when designing an aerial or r-f circuit as it will affect the dynamic im- 
pedance of the circuit, and consequently the selectivity and gain. Valve sockets 
and other components will add further damping to the input circuits. The effects 
of valve noise will also be governed by the dynamic impedances of the input circuits 
and so the various valve effects must be considered in conjunction with the external 
circuits. This becomes of greater importance as the frequency increases. 

A design difficulty with aerial and r-f stages is in obtaining satisfactory perform- 
ance over a large tuning range. The three to one frequency coverage normally em- 
ployed on dual wave receivers for the medium (540 — 1600 Kc/s) and shortwave 
(e.g. 6-18 Mc/s) bands presents some problems in regard to tracking, and constancy 
of gain and selectivity. The L/C ratios obtainable with a variable capacitor giving 
an incremental capacitance range of at least 9 : 1 are satisfactory on the medium wave 
range but are rather poor on the shortwave band. For these reasons it is common 
practice to limit the coverage on shortwave bands, in the better class of receiver, to 
enable improved all round performance to be obtained ; a frequency ratio of about 
1.3 : 1 is usual in the region of 10 to 20 Mc/s, with larger ratios at the lower frequen- 
cies. An obvious advantage of multi-band receivers is the greatly improved ease of 
tuning, apart altogether from other considerations of better performance. 

To obtain the reduced frequency coverage with variable ganged capacitors having 
a capacitance range of about 10-400 /a/uF, various arrangements of series and parallel 
fixed capacitors are used. If the circuits are arranged to use a combination of series 
and parallel capacitors for bandspreading, it is possible to make the tuning follow 
practically any desired law. Further, if the tuning range is small, the oscillator fre- 
quency in a superheterodyne receiver can be above or below the signal frequency 
and three point tracking can still be obtained using series padders in both the signal 
and oscillator circuits. These matters will receive further consideration in Chapter 25 
Sect. 3 on superheterodyne tracking. 

Methods for measuring the value of A, the coefficient of coupling, are given in 
Chapter 26 Sect. 4(ii)E and (iii)B, C. Methods for measuring the primary resonant 
frequency of an aerial or r-f transformer are covered in Chapter 37 Sect. 4(ii). 



SECTION 2 : AERIAL STAGES 

(0 Difficulties involved (ii) Generalized coupling networks (in) Mutual inductance 
coupling (iv) Tapped inductance (v) Capacitance coupling (vi) General summary. 

(i) Difficulties involved 

The principal difficulty in the design of an aerial stage is that the type of aerial with 
which the receiver will eventually be used is, in general, not known. If the aerial 
impedance were known it would usually be a fairly simple matter to draw an equiva- 
lent circuit of the aerial and aerial input stage and to determine the complete perform- 
ance by solving for the conditions existing in the circuit. When the conditions are 
not known, however, it is usually best to adopt constants for an aerial system which 
will have the most adverse effect on the receiver performance and to solve for these 
conditions. A compromise is then made in the circuit arrangement to minimize the 
effects of changes of gain, selectivity, and tracking with other circuits in the receiver. 

(ii) Generalized coupling networks 

Fig. 23.1 shows the generalized form for an aerial coupling unit. E x is the voltage 
induced in the ae rial. E 2 is the voltage applied to the grid of the first amplifier stage. 
•Valve admittances are covered in Chapter 2 Sect. 8. 
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Z x Z 2 and Z 3 are intended to represent any possible arrangement of components for 
coupling the aerial to the receiver, where Zx includes all impedances external to the 

receiver input terminals and Z h is the load 
impedance. This generalized T section 
can be made to represent all possible coup- 
ling arrangements, since it is well known 
from circuit theory that any complex net- 
work composed of linear bilateral imped- 
ances can be transformedj at any one fre- 
quency, into an equivalent T network 




FIG. 23-1 GENERALIZED AERIAL COUPLING UNIT. 



From the generalized network 
E % _ ^ Z*Z l 

~e7~ 



Z X Z 3 + (Z x + Z 3 )(Z 2 + Z,) 



(1) 



This expression is of little assistance unless it is applied to the specialized networks 
used in radio receivers. Additional 
generalized expressions for this net- 
work are developed in K. R. Stur- 
ley's " Radio Receiver Design " 
Part 1, Chapter 3. It is proposed to 
deal specifically with a few of the 
more common types of coupling cir- 
cuits. 



(iii) Mutual inductance 
coupling 

Fig. 23.2A shows one of the most 
widely used aerial coupling circuits. 
E x is the voltage induced in the 
aerial and Z A represents the aerial 
constants, which may be any com- 
bination of inductance, capacitance 
and resistance. L x is the aerial coil 
primary winding which has a r-f re- 
sistance R x . L % is the secondary 
winding coupled by mutual induct- 
ance to Lx. R 2 is the r-f resistance 
of L 2 . C 2 is used to tune the sec- 
ondary circuit to resonance ; it 
should be noted that the setting for 
C 2 when the aerial circuit is con- 
nected across the primary is different 
from the setting obtained when L x 
is on open circuit. Fig. 23.2B shows 
the T section equivalent of the aerial 
transformer, and Fig. 23.2C shows 
an alternative equivalent secondary 
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circuit which is very helpful in understanding the idea of "reflected" impedances. 
For the present, the effects of valve loading will not be considered. When the second- 
ary is tuned to resonance, the aerial circuit gain is given by 
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Z A1 = Z A + Z i = R A1 + J X A1 

and \Z A1 \ =VR Al * + X A1 \ 

It should be noted that the condition for secondary circuit resonance (partial resonance 

" S ") is that 

<o 2 M*X A1 

^2 - 17 12 (3) 

\^A1\ 

and the " reflected " resistance and reactance in the secondary are given respectively by 

a> 2 M*R A1 

\Zai\ 2 (4) 

- a>*M 2 X AX 

-* ~WZF^ . (5) 

If the mutual inductance M is also made variable, the maximum value of secondary 
current (and of J? 2 /i? i whe n the primary circuit Q is low) is obtained when 

Ez 1 

311 Ei ~ 2a>C 2 VR 2 R A1 C7a) 

R D 

-' (7b) 

Al 

where R D is the dynamic impedance of the secondary circuit. The approximations 
involved in these equations are discussed in Ref. B12. 

From this it can be shown, with M and C 2 adjusted for maximum secondary current, 
that the selectivity of the tuned circuit is half the value it would have if considered in 
the absence of the primary. This condition of optimum coupling is not usual in 
broadcast receivers, except where matching to a transmission line, since the coupling 
between primary and secondary is made loose to prevent serious tracking errors due 
to the variable reactance " reflected " into the secondary circuit over a band of fre- 
quencies. The expression most generally required is that of eqn. (2) and the calcu- 
lation of voltage gain need only be made at, say, two or three points across the tuning 
range. 

It should be noted, however, that in some cases loose coupling can lead to a con- 
siderable reduction in signal-to-noise ratio if site noise is not predominant, e.g. at 
the higher frequencies on the short-wave band it is advantageous to use optimum 
coupling, or slightly greater, to improve the signal-to-noise ratio (see Ref. A2 Chapter 
26). 

The effects of valve input admittance can be included by considering an additional 
resistance and a capacitance shunted across C 2 . The value of the resistance com- 
ponent may be negative or positive depending on the type of valve and the operating 
conditions, e.g. some types of converter valves have a negative input resistance. 

Having obtained the stage gain it is next important to find the selectivity of the 
circuit. As an approximation for ordinary types of aerial coils it is usually con- 
venient to determine the selectivity of the secondary as for a single tuned circuit. 
The simplest approach is to consider the resultant Q of the secondary circuit at the 
resonant frequency when all the secondary resistance, including that due to reflection 
from the primary and valve loading, is included. The value of Q is given by 
<oL e ff/R e ff, where L e ff is the resultant secondary inductance. The selectivity is then 
found as for a single tuned circuit, resonant at the frequency under consideration, 
using the universal curve given in Chapter 9 (Fig. 9.17) in conjunction with the methods 
detailed in Chapter 26 Sect. 4(iv)A. This method is satisfactory provided that the 
amount of mistuning is not too large a proportion of the central reference frequency, 
and that the aerial coil follows the usual practice with the primary resonated above or 
below the tuning range or is designed for connection to a transmission line (or aerial) 
of which the characteristic impedance is largely resistive ; otherwise the variations 
in R e ff and L t g would have to be considered. Further, in a number of practical 
cases it is permissible to calculate R e g and use L 2 when finding the value for Q, since 
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the reflected reactance may not be very large. It is often sufficient to calculate selec- 
tivity at, say, the mid-frequency of the tuning range, although it should be noted that 
selectivity is a function of frequency and dependent on the circuit operating conditions. 
It is now worth while considering three special cases for the aerial coupling trans- 
former : 

(1) Where the aerial can be represented by a capacitive reactance in series with a 
resistance. 

(2) Where the aerial behaves like an inductive reactance in series with a resistance. 

(3) Where the aerial is coupled to a transmission line which " looks " like a pure 
resistance at the aerial terminals ; or the aerial itself, coupled to the receiver, looks like 
a pure resistance. 

Any aerial can be made to appear resistive if the reactance components are tuned 
out by a suitable arrangement of the aerial coupling network ; this is a common pro- 
cedure with fixed frequency installations. 

In case (1) it is usual to make the primary circuit resonate below the lowest tuning 
frequency, since this offers a good compromise with regard to constancy of gain, 
tracking, etc. This arrangement is also advantageous because the effect of the aerial 
is merely to move the primary resonant frequency still further away from the tuning 
range, thereby nainimizing the effect of the aerial on the secondary without losing too 
much gain. In general the high impedance primary winding is resonated at 0.6 to 
0.8 of the lowest tuning frequency, either with the aerial capacitance alone, or with 
an added capacitor. In either case the resonant frequency must not be close to the 
intermediate frequency in a superheterodyne receiver, and normally a broadcast band 
primary is resonated at a lower frequency than the i-f so that no aerial which is likely 
to be used win 1 resonate the aerial primary at the intermediate frequency. 

Since the gain obtained from an aerial transformer with its primary resonant out- 
side the low frequency «ad of the tuning range decreases towards the high frequency 
end of the range, a small capacitance is often added across the top of the transformer. 
This capacitance increases the gain at higher frequencies and allows a substantially 
flat gain and noise characteristic to be obtained from the transformer over the desired 
range. This type of aerial transformer is fairly representative of those likely to be 
encountered on the medium and long wavebands. Practical values for the coefficient 
of coupling between primary and secondary are a compromise between various factors 
such as gain, tracking error and signal-to-noise ratios ; usual values are from 0.15 to 
0.3, with most aerial coils using values of about 0.2 (this should include any added top 
capacitance coupling). The value for primary Q is of the order of 50, and the second- 
ary Q is about 90 to 130 in typical aerial coils using the range of coupling coefficients 
stated, although Q values greater than 200 can readily be obtained by using special 
iron cores. Values of secondary Q above 100 generally call for smaller values of k 
than 0.2 if good tracking is to be achieved. 

If for some particular reason it is necessary to use a higher coefficient of coupling 
than say 0.4, then the primary inductance should be small and arranged to resonate 
with the aerial at about y/2 of the highest signal frequency. This improves the 
signal-to-noise ratio but may give rise to tracking difficulties. 

Case (2) normally applies with untuned loop aerials but the condition can occur 
with some types of aerials on the shortwave bands. In this case it is usual to make 
the coefficient of coupling fairly high, of the order of 0.5 or more, and a useful rule is 
to make the value of primary inductance approximately equal to 0.4 of the loop (or 
aerial) inductance (see Refs. B17 and A2, p. 44). 

For use with domestic type receivers operating on the short wave band, the standard 
dummy antenna is taken as being 400 ohms resistive, even though the aerial reactance 
will not be zero across the tuning range, as this gives an indication of average operating 
conditions. The aerial coupling transformer for this type of receiver can be designed 
using the procedure given in Case (3) below. 

The untuned loop antenna (which should be balanced to ground for best results) 
finds application with portable receivers, and in some cases with ordinary A-M broad- 
cast receivers. Loops have also been used in F-M receivers operating on the 40-50 
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Mc/s band, but not in receivers for the 88-108 Mc/s band because of the ease with 
which a half-wave dipole can be arranged inside the receiver cabinet. With loops it 
is necessary to keep stray capacitances to a minimum so as to avoid resonance effects 
within or close to the band of frequencies to be received ; this also assists in achieving 
good tracking because a loop that behaves like a small fixed inductance can be com- 
pensated for quite readily in the aerial coil secondary. 

The number of turns used in untuned loop aerials is not very critical, since a loss 
in effective height by using fewer turns can be offset by the increased voltage step-up 
possible with the coupling transformer. To keep stray capacitances low the fewer 
turns used the better. The best compromise for receivers operating on the medium 
or short-wave bands is a single turn loop, or perhaps a few turns (say not more than 
four) of wire wrapped around the carrying case for medium wave portable receivers 
(this wire can be litz or copper braid, and even rubber covered hook-up wire is often 
satisfactory). The best type of single turn loop is one made out of copper tubing (or 
any other good conductor such as aluminium or one of its alloys) with the tube dia- 
meter not less than about 0.25 in. and preferably considerably larger than this ; the 
loop area should always be as large as possible. If the loop is to be used on the long- 
wave band it is preferable to use a few turns (about ten) of litz wire rather than a single 
turn loop. This is necessary because of the drop in Q which occurs with the single 
turn loop at the lower frequencies. However, satisfactory results have been achieved 
with a 0.25 in. diameter copper tube loop at a frequency of 500 Kc/s. 

In many cases a two winding transformer is not used and the loop is made part 
of the tuned circuit (being in series with the main tuning inductance and earthed at 
one side). An alternative arrangement is to tap the loop across part of the main tuning 
inductance ; this can be made to give very satisfactory results. 

Because the inductance of loops (of the type being considered) is usually very small, 
it is often difficult to measure the Q at the working frequencies. This difficulty 
arises with standard types of Q meters because the maximum capacitance is limited 
to about 400 /a/xF. A useful method (suggested by J. B. Rudd) is as follows : 

Couple the loop fairly tightly to an inductance which is sufficiently large to be tuned 
to the working frequency. Measure the Q of the inductance with the loop open cir- 
cuited (call this Q x ) and then the Q (call this Q') with the loop short circuited at its 
terminals. The Q of the loop (Q L ) is given by 

^ L ~ <2i(i - y) - Q' 

where Qi = magnification factor for the primary inductance with the loop open 
circuited. 
Q' = magnification factor for the primary inductance with the loop terminals 
short circuited, 
v = 1 - (L'/LO 
L' = inductance of primary with loop short circuited, 
and L t = inductance of primary with loop open circuited. 
See (vi) below for some discussion of directly tuned loops. 

Case (3) permits of a fairly simple solution. Normally k is about 0.2 or less, and 
the primary winding reactance (at the geometrical mean frequency of the tuning range) 
is made equal to the characteristic impedance of the transmission line or aerial. A 
particularly simple solution has been made by Rudd (Ref. B12) to give conditions 
for two point matching in the tuning range. The procedure is as follows : 

Geometrical mean angular frequency = a> =-\/«>i<«>2 where w x and <o z are the 
lower and upper angular frequency band limits. The primary inductance = L x = 
Z /w where Z is the characteristic impedance of the transmission line. 

The required coefficient of coupling is then determined from 



"\]q\ «* J 
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where a = a>J<»i = f t /fi 
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and Q, = 



Q. 



secondary circuit Q in the absence of the primary, 
should include the effect of valve loading, and so 

QR 



The value for Q, 



(9) 



<2 W(> L 2 + R 
where Q is for the unloaded secondary 
and R is the valve input resistance. 

A useful approximate formula for estimating the aerial coil gain under this condition 



1 l Q,a>L 2 

2\J Z 



(10) 



II _ 
E t 2a 

This expression gives the maximum possible value of gain and corresponds to eqn. (7a) 
given previously. 

Although elaborate methods are available for calculating optimum signal-to-noise 
ratios etc., the details above should give a fairly close approximation to the required 
practical conditions where the aerial coupling circuit is a compromise between the 
various conflicting factors discussed previously. These factors of gain, selectivity 
etc. should be carefully considered as in nearly every case the performance of a re- 
ceiver is largely governed by the aerial coupling circuit. 

(iv) Tapped inductance 

Another common type of aerial coupling arrangement is shown in Fig. 23.3. This 
arrangement has found wide application in receivers tuning the 88-108 Mc/s F-M 
band because of its simplicity and the 
ease with which the correct aerial tap- 
ping point may be found. This can also 
be considered as a particular case of the 
generalized aerial circuit. This circuit 
can be treated in a simplified manner 
duetoZepler (Ref. A2). The required 
tapping point on the total coil, which 
is usually a solenoid, can be found 
approximately from the turns ratio 

oL 9 




FIG. 2 VI TAPPED INDUCTANCE AERIAL TRANSFORMER 



where 



and 



V Z 



(11) 



Ma 

«i ~\/~Z 

n a = total number of turns 

«! = number of turns across which aerial is connected 
to = 2w x operating frequency 
Q, = magnification factor for complete circuit 

Z = impedance of the aerial (or the characteristic impedance of a trans- 
mission line). 
The gain is found from equation (10), 

E t 1 /Q,u>L 2 

Ei ~ 2\J^ZV~ 
The selectivity is calculated using the same methods as before, from the equivalent 
circuit. Whether this equivalent circuit takes the form of a series or parallel tuned 
circuit is usually not important, as the results obtained are substantially the same, 
and provided the circuit Q exceeds about 10 the Universal Selectivity Curves can be 
applied directly in either case. 

It should be noted that the treatment is only approximate, as the exact tapping point 
is dependent on the coupling between the two sections of the aerial coil winding. 
However, for a wide variation in coupling, the correct tapping point is not very differ- 
ent from that obtained by the above procedure, which assumes unity coupling, and 
the loss in secondary voltage as compared with optimum coupling is quite small. 
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Valve input loading is usually a problem at v-h-f and a procedure to minimize this 
effect is to tap down across L z . This will allow a higher value of dynamic impedance 
for the tuned circuit with improved selectivity, and under some conditions the in- 
crease in impedance can more than offset the loss in voltage gain caused by tapping 
down. 

(v) Capacitance coupling 

A further type of coupling arrangement fairly commonly used is shown in Fig. 23.4. 



Fig. 23.4. Capacitance Coupled Aerial 
Transformer. 



FIG. 23.4 

This shows a common disadvantage with the circuit of Fig. 23.3 in that the variation 
in gain across the tuning range is quite appreciable. The treatment is quite straight- 
forward and is left to the reader ; a fairly complete analysis is given in the references. 

(vi) General summary 

From the considerations detailed above, it can be seen that the coupled circuit 
arrangement of Fig. 23.2 is generally most satisfactory since it readily lends itself, 
with minor modifications, to applications using balanced or unbalanced aerial systems. 
Under some conditions of receiver operation other methods are used because of the 
practical consideration of ease of adjustment for best operation, or for use with a 
particular type of aerial system. 

Fixed tuned aerial stages are sometimes used with receivers covering a limited range 
of frequencies. A typical case would be in the range of 88-108 Mc/s where the loaded 
Q of the aerial coil may be less than 20. In such a case a simple arrangement is for 
the secondary to be resonated near the centre frequency in the band ; this introduces 
gain variations of about 2 : 1 across the tuning range. The gain variations can be 
offset by resonating the secondary at a point in the band such that the gain variations 
offset those in r-f or mixer stages. The overall gain variations for the band under 
consideration can be limited to less than 1.5 : 1 with a superheterodyne receiver using 
a tuned r-f stage, and as the loss in gain and signal-to-noise ratio is not very serious, 
the saving in the cost of a gang section is often well worth while when weighted against 
the other factors. If the aerial circuit loaded Q is above about 20, this method is not 
recommended because of the deterioration in circuit performance. In some cases it is 
preferable to tune the aerial circuit and use an untuned r-f stage (when this is prac- 
ticable). 

One type of coupling circuit which has not been mentioned previously is the directly 
tuned loop. In this case the loop provides the tuned circuit inductance as well as the 
direct signal pick-up. As for any other loop, the area and the Q should be as large as 
possible. This loop will probably be used, in most cases, with portable receivers. 
If the loop can be placed in such a position that its Q is not materially affected by the 
presence of the receiver and batteries, then its performance will usually be superior 
to that of the single turn loop (an improvement of about 6 db can be expected). How- 
ever, this arrangement is seldom convenient and in many cases better results are 
possible with the single turn loop (or one with a few turns as discussed previously) 
because any effect on its Q can be offset to a large extent by the use of an aerial coupling 
transformer having a high Q winding in the tuned circuit. The improvement can 
be seen most readily by considering a low Q loop, having a small inductance, connected 
directly in series with an aerial coil which has a high Q and whose inductance is 
practically the whole of the tuned circuit inductance. 

In some cases it is required to use an additional external aerial with the loop to 
increase signal pick-up. There are many possible arrangements but amongst the 
simplest is the use of a small capacitance (say 10 to 20 ppF) connected between the 
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external aerial and the top of the tuned circuit (i.e. to the grid connection) or alter- 
natively a tap on the aerial coil secondary a few turns up from the earthy end. For 
a directly tuned loop the aerial is tapped into the loop in the same way as for the other 
coil arrangement ; alternatively the series capacitor arrangement is satisfactory. The 
main disadvantage of both these simple arrangements is the large change in gain which 
occurs across the tuning range, but for medium-wave commercial portable receivers 
additional circuit complications are seldom justified. 

The subject of aerial-to-receiver coupling is a large one and only a few of the more 
important design factors have been considered. For more complete information 
on particular systems it is necessary to consult the text books and references. 



SECTION 3 : R-F AMPLIFIERS 

(*) Reasons for using r-f stage (ii) Mutual-inductance-coupled stage (Hi) Parallel 
tuned circuit (iv) Choke-capacitance coupling (v) Untuned and pre-tuned stages 
(vi) Grounded grid stages. 

(i) Reasons for using r-f stage 

The necessity for adding a r-f amplifier in a superheterodyne receiver arises from 
the need for 

(1) greater gain 

(2) improved rejection against undesired signals 

(3) improved image frequency rejection 

(4) reduction of the effects of spurious frequency combinations, 

(5) improved signal-to-noise ratio, 

(6) the prevention of radiation at the local oscillator frequency (under some 
conditions). 

In the case of the t-r-f receiver, additional r-f stages are usually added for reasons 
(1) and (2) above. 

The design of a r-f stage is quite similar for both types of receiver and so they will 
not be considered separately. The only point which will be mentioned is that, in the 
case of the t-r-f receiver the final r-f amplifier feeds into a detector stage which, if a 
diode is used, heavily loads the tuned circuit unless a tapping point is used. For this 
reason it is common practice to incorporate anode bend or linear reflex detectors which 
do not appreciably load the input circuit. However, a diode is convenient as a means 
of supplying an a.v.c. bias voltage of the correct polarity, a condition not fulfilled 
by the other two types of detectors mentioned without additional circuit arrangements. 

(ii) Mutual-inductance-coupled stage 

The most common arrangement for coupling a r-f amplifier valve to the following 
stage (Fig. 23.5) is by means of a transformer using a tuned secondary with the primary 
winding resonated either above or below the tuning range. The primary winding 
resonates with the valve output capacitance, winding capacitance, stray wiring capacit- 
ances and sometimes an added capacitor, 
these being lumped together and shown as 
Cj,. If the winding is of the low imped- 
ance type it is made to resonate at approxi- 
mately 1.2 to 1.5 times the highest tuning 
frequency. Under this condition the load 
presented to the valve is inductive and 
thus will give rise to regeneration by intro- 
ducing a negative resistance component 
plus a capacitance into the r-f valve input 
circuit. 




FIG.a3-5 TRANSFORMER COUPLED R-F STAGE. 
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If the winding is of the high impedance type, then it is usual to resonate the primary 
at approximately 0.6 to 0.8 of the lowest tuning frequency, but the resonant frequency 
should not be close to the "intermediate frequency in superheterodyne receivers. 
Under this condition the valve has a capacitive load which causes degeneration by 
introducing a positive resistance component plus a capacitance into the r-f valve input 
circuit due to the " Miller Effect." It is not usual to resonate the primary winding 
within the tuning range because of the very large changes in gain and selectivity which 
would be introduced. In addition, the problem of tracking the various tuned circuits 
becomes almost hopeless. 

When the aerial coil primary is of the low impedance type it is usual, although not 
essential, for the r-f stage to be of this type also and vice-versa. This simplifies 
tracking problems. 

The methods to be used for calculating the gain and selectivity of this arrangement 
are set out in detail in Chapter 9 Sect. 6(ii) under the heading " Coupled Circuits — 
Tuned Secondary." For the usual practical arrangement the stage gain is given 
approximately by g m Q 2 a>M, 

where g m — mutual conductance of r-f amplifier valve, 
co = 2v x operating frequency, 

M = k's/L 1 L 2 — mutual inductance, 
and Q 2 = secondary circuit Q including effect of valve input resistance, but not 

" reflected " resistance from the primary. 
The selectivity can also be calculated, approximately, by the method suggested for 
aerial coils. 

When designing a stage of this type it is necessary, as in the case of the aerial coil, 
to arrive at a compromise between gain, selectivity and tracking errors. This usually 
leads to a value for the coefficient of coupling of approximately 0.15 to 0.3, with the 
lower values preferred for good tracking between aerial, r-f, and, in the case of the 
superhet., the oscillator stage. 

As with aerial coils, the primary Q is about 50 (or perhaps less) and the secondary 
Q from say 90 to 130 in typical coils using this range of k values. Higher Q generally 
calls for the lower values of k. 

In the case of receivers working at say 50-400 Kc/s it is often inconvenient to re- 
sonate the primary winding in the manner suggested. Under these circumstances 
it is sometimes necessary to damp the primary winding heavily so that no pronounced 
resonance occurs. It is then permissible to resonate the winding within the timing 
range. This procedure can lead to a severe loss in gain but is sometimes justified 
under practical conditions where the loss of gain is outweighed by other factors. 

The addition of top capacitance coupling, i.e. a small capacitance from the plate 
connection to the grid connection of the following stage, is often employed to equalize 
gain variations across the tuning range. The value of the capacitance is usually of 
the order of a few micro-micro-farads and the exact value is best determined experi- 
mentally. It should be noted that the presence of this capacitance will alter the co- 
efficient of coupling, stage gain, selectivity and the primary resonant frequency, as 
well as circuit tracking. There is always some capacitance coupling present with any 
practical transformer and this largely determines the relative physical arrangement of 
the primary and secondary windings, which are connected (in nearly all practical 
cases) so that the capacitance coupling adds to the mutual inductance coupling. 

(iii) Parallel tuned circuit 

A simple parallel tuned circuit is sometimes used in the r-f stage, and can be made 
to give higher gains than the transformer coupled arrangement. The difficulties 
encountered are that 

(1) large gain variations occur across a band of frequencies 

(2) the skirt selectivity is rather poor 

(3) tracking with conventional aerial circuits is difficult 

(4) the tuning capacitor has to be isolated from B-K 

For these and other reasons this circuit is not in common use in broadcast receivers, 
but it might be incorporated in a receiver working at high frequencies covering a 
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restricted timing range with some possible advantage. The gain of the stage is given 

by g m Qe t f<»L 

where g m = mutual conductance of r-f amplifier valve, 

Qett = Q of r-f coil when loaded by plate resistance of r-f amplifier and input 
resistance of following stage, 
o> = 2n x frequency, 
and L = inductance of tuned circuit. 

Selectivity is calculated as for any other single tuned stage, using the methods of 
Chapter 9 or Chapter 26, Sect. 4(iv)A. 

(iv) Choke-capacitance coupling 

Fig. 23.6 shows a common r-f coupling circuit for use at v-h-f such as on the 88-108 
Mc/s F-M broadcast band. The usual arrangement takes the form of a r-f choke, 
resonated well below the lowest tuning frequency, coupled to a tuned circuit L 2 C Z 
by means of a capacitor C. The choice of a suitable value for C will allow some re- 
duction in variations of stage gain across the tuning range as it can be considered as 
part of a voltage divider formed with the tuned grid circuit. A further useful function 
of the arrangement is that when a suitable resonance frequency has been chosen for 
the choke, the total stray capacitance across the tuned circuit is effectively reduced, 
thereby reducing limitations on the tuning range ; a small value for C assists 
in this latter regard. However, the application of the circuit is largely one of practical 
convenience and, as always, is a compromise. 

With a choke resonated at l/\/2 of the 
lowest tuning frequency in a receiver with 
a low frequency limit of 87.5 Mc/s and an 
upper limit of 108.5 Mc/s, the values 
obtained for the additional capacitance 
shunted across the tuned circuit were 3.6 
WW at 88 Mc/s and 4 wF at 108 Mc/s, 
excluding the input capacitance of the fol- 
lowing stage. The value of C was 10 jx/xF. 
Bl AS " ' Because of the low value of dynamic im- 

„«~ CAPAOTANCE COUPLED R-F STAGE. pedance ^ ^ ^^ ^ y , h _ fj ^ ^^ 

of the plate resistance of the r-f valve can usually be neglected (but see Ref. A8). 
In this case the selectivity for the circuit can readily be calculated as for a single tuned 
circuit, including the effects of the input resistance of the following stage, without 
introducing very large errors. The gain may be calculated with sufficient accuracy 
as for the case of the simple tuned circuit acting as the anode load and multiplying 
the result by a suitable factor to allow for the voltage division due to the capacitive 
reactances at the frequency being considered. This factor is readily found from a 
knowledge of the equivalent capacitance due to the choke circuit, at the working 
frequency, and the value selected for C. 

(v) Untuned and pre-tuned stages 

Untuned, or in some cases pre-tuned, r-f stages are sometimes used in receivers 
where economy and/or limited space are important factors, or where only a small 
frequency range is to be covered. Unfortunately in the case of portable battery re- 
ceivers, where the application could be valuable, die use of untuned r-f stages is made 
difficult by the fairly low values of mutual conductance for the usual r-f amplifier 
valves. The gain obtained is limited and it may be preferable to use an additional 
i-f stage if the r-f stage cannot be tuned and gain is a prime requirement. With 
mains operated receivers the problem is different, as many suitable valve types are 
available and quite good stage gains (about 5 times or more, on the medium and short 
wave bands) can be obtained over a wide range of frequencies. Suitable design 
methods using untuned stages for the medium and short wave bands have been given 
in R.C.A. Application Note No. 116 (reprinted in Radiotronics No. 124) to which the 
reader is referred for full details A typical coupling circuit of the type discussed in 
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the Application Note is shown in Fig. 
23.7. 




(vi) Grounded-grid stages 

As previously mentioned this type of 
amplifier will riot be discussed in detail. 

However, the following equations should prove to be of assistance, and are generally 
a sufficiently good indication since experimental techniques usually provide the most 
suitable method for determining the best operating conditions for this type of amplifier. 

Voltage gain = L (/* + 1) 

r, + R L 

r v + R L 
Resistance loading across input circuit aa — ; — r- — 

/A + 1 

(loading across output circuit «a r„). 
For ft >* 1 the optimum load impedance is given by 
R L = r,Vl + Rtg m _ 

Noise fector = N = /2 + »*.. +- 2 



"v 



where R L = load impedance connected between plate and B+ 

r v = valve plate resistance 
H — valve amplification factor 

g m = valve mutual conductance 

R t — valve input resistance at working frequency 

R x = equivalent noise resistance of first valve 

R t = equivalent noise resistance of second valve 

R = generator impedance e.g. aerial resistance 

A x = voltage gain of input circuit 
and A t = voltage gain of first stage, excluding the voltage gain of the input 
circuit. 
It should be noted that it is always advisable to operate the heater and cathode of 
the valve at the same r-f potential. This is readily achieved by using suitable chokes 
in the heater leads. For more detailed information on grounded-grid amplifiers 
see References B8, B18, A10 and A4. 



SECTION 4 : IMAGE REJECTION 

(t) Meaning of image rejection («) Image rejection due to aerial stage (m) Other 
considerations. 

(i) Meaning of image rejection 

With the superheterodyne receiver it is necessary to consider not onjy adjacent 
channel selectivity due to the aerial and r-f stages but also whether the selectivity 
of these stages is sufficient to prevent signals on image frequencies from passing into 
the i-f amplifier. If there were no tuned circuits ahead of the converter valve a signal 
lower in frequency than the oscillator frequency, and which differs from the oscillator 
frequency by the value of the intermediate frequency, would pass into the i-f amplifier. 
Similarly a signal higher in frequency than the oscillator frequency, and which differs 
from the oscillator frequency by the value of the intermediate frequency, would also 
pass into the i-f amplifier. 
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When one of these frequencies is the desired one (it may be either the lower or the 
higher), the other is referred to as its image frequency. Clearly the desired and un- 
desired signal frequencies are separated by twice the intermediate frequency. Putting 
this statement in symbolic form : 

j "image = fosc + fi-f When /„,„ > f , ig 
f image = fosc ~ fi-f When f osc < /„■„ 

where f sig = desired signal frequency. 

As an example : On the 540-1600 Kc/s A-M broadcast band the oscillator fre- 
quency is normally above the signal frequency. If the reasons for this are not obvious, 
consideration of the oscillator tuning range and the values of variable capacitance 
required will make it so. The usual i-f is 455 Kc/s and if a signal frequency of 1000 
Kc/s is taken, 

thenf image = (1000 + 455) + 455 = 1910 Kc/s. 

Since the converter cannot discriminate between the two signals of 1000 Kc/s and 1910 
Kc/s, it is necessary for the aerial circuit, and r-f circuit if this is used, to make the 
magnitude of the 1000 Kc/s voltage much greater than the magnitude of the 19*10 
Kc/s voltage. Otherwise severe interference can result when signals are being trans- 
mitted at both these frequencies. 

When making calculations for image rejection the worst conditions are usually 
found at the high frequency end of the tuning range, provided that the selectivity of 
the tuned circuits does not vary appreciably with change in frequency. This is 
because the separation between the two frequencies is a smaller proportion of the fre- 
quency to which the receiver is tuned. It should also be clear that higher values 
of i-f will materially assist in reducing image effects because of the wider frequency 
separation between the desired and undesired signals ; it is for this reason that some 
v-h-f receivers use intermediate frequencies of the order of 10.7 Mc/s. 

(ii) Image rejection due to aerial stage 

The image rejection due to an aerial stage alone is calculated from 



J 



1 + Q»(- / /o> 



<fo fS 

where Q = wL eff /R eff (i.e. loaded value for secondary circuit), 
L tff m L 2 , the secondary circuit inductance, 

R eff = total secondary circuit series resistance including that due to re- 
flection from primary circuit and valve input resistance (Valve input 
admittance is discussed in detail in Chapter 2 Sect. 8, and further 
comments are given in Sect. 5 of this chapter), 
/ = image frequency when oscillator frequency is higher than signal 
frequency, 
and /„ = signal frequency under oscillator conditions as for /. 

If the oscillator is lower in frequency than the signal frequency then/ and f should 
be interchanged. 

Exactly the same expression and procedure are used to calculate the image protection 
afforded by a r-f stage. Since the calculated image rejection is a voltage ratio, the 
ratios obtained for the various stages are multiplied together, or the ratios expressed 
in decibels can be added to give the total image protection provided by the input cir- 
cuits to the converter. 

(iii) Other considerations 

The image protection due to the r-f stage may be greater than that due to the aerial 
stage. A typical example occurs when the loading on the aerial stage due to the r-f 
amplifier valve has a positive value of input resistance and the loading on the r-f stage 
due to a pentagrid converter, using inner grid oscillator voltage injection, has a nega- 
tive value of input resistance. The resultant Q, simply from these considerations, 
may then be higher in the case of the r-f coil. Also, since the resultant Q of the aerial 
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coil is halved, under some conditions of operation, by using two point matching to 
an aerial transmission line, the greater part of the image protection may here again 
be due to the r-f stage. These considerations are particularly important at the higher 
frequencies. On the long and medium wave bands sufficient image protection can 
often be obtained from the discrimination afforded by the aerial coil alone, but on the 
shortwave bands deterioration in image rejection is serious (and rapid) unless the inter- 
mediate frequency is increased above the usual value of about 455 Kc/s. 

It is important to note that a good image rejection ratio is desirable since this also 
indicates the selectivity of the signal circuits and the degree of rejection against spurious 
frequency combinations. A high degree of selectivity preceding the first r-f amplifier 
valve has obvious advantages in reducing cross-modulation effects. 



SECTION 5 : EFFECTS OF VALVE INPUT ADMITTANCE 

(t) Important general considerations (it) Input loading of receiving valves at radio 
frequencies (A) Input conductance (E) Cold input conductance (C) Hot input conduc- 
tance (£)) Change in input capacitance (E) Reduction of detuning effect. 

(i) Important general considerations 

A fairly complete discussion of some of the factors relating to valve input admittance 
has been given in Chapter 2 Sect. 8. These considerations are additional to the 
following details which take into account electron transit time effects at frequencies 
up to about 100-150 Mc/s, where conventional receiver design techniques begin to 
fail. 

From the receiver designer's point of view the main factors (if we neglect changes 
in valve output admittance — but see Ref. A8) are 

(1) A knowledge of the actual values of input resistance and capacitance (neither 
of which is constant with changes in valve operating conditions) with which he will 
have to contend when these are shunted across the tuned circuit (this must include 
the effects of feedback etc.), and 

(2) A knowledge of the effects on input capacitance, in particular, when the signal 

voltage changes, giving rise to an alteration in a.v.c. bias. From this information 

the amount of detuning of the circuits can be determined. As the input components 

are in parallel with the tuned circuits, it is often more convenient to discuss the values 

of conductance, susceptance, and admittance rather than resistance, reactance, and 

impedance. Several extremely useful lists of values of conductance and capacitance 

for some common types of receiving valves are given in Chapter 2 Sect. 8, and further 

details of some additional types are set out later in this section. In cases where the 

value of short circuit input conductance at a required frequency is not given, then a 

close approximation can be found by multiplying the conductance value by 

/Frequency required V , ,.,,■, 

\= j — I ; but extrapolation should not be carried too far e.g. a 

VFrequency stated / 

conductance value at 100 Mc/s should not be used to find a conductance at 455 Kc/s, 

but will give a reasonable approximation at, say, 10 Mc/s. 

A figure of merit, which forms a useful basis for comparing various types of r-f 

voltage amplifier valves, is given by 

Em . 

77=- (° f gmVRi) 

Vgi 
where g m = control grid to plate transconductance (mutual conductance) 

gi = short circuit grid input conductance 
and Ri — short circuit grid input resistance. 
At the higher frequencies cathode lead inductance is important. 
If the valve types on which information regarding short circuit input admittance is 
required are not listed, experimental techniques can always be resorted to and reason- 
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ably accurate results are possible using a high frequency Q meter to determine the 
capacitive and resistive loading effects . The usual precautions as to length of leads, 
earthing etc. must be carefully observed when making these measurements, if the 
results are to be of any practical value. Something of this nature is usually required 
when considering the effects of the converter valve on its input circuit, since the pub- 
lished information is rather meagre. In this regard it is well to remember that some 
types of converter valves, such as those using inner grid injection, e.g. types 6A8, 
6K8, 6SA7, 6BE6 etc., give negative loading whilst other types such as X61M, X79, 
6J8-G, 6L7, etc. (which use outer grid oscillator injection) give positive loading. In- 
creasing the negative bias on the signal grid will reduce the loading effect with all types, 
but at very high values of bias the negative loading may reverse its polarity and be- 
come positive. [The reasons for these effects are discussed later in this section in 
connection with input loading of receiving valves.] To reduce input conductance 
some valve types have more than one cathode connection (see Ref. A8), and typical 
examples are types 6AK5 and 6AG5, each having two cathode terminals. Even when 
the cathode terminals are direcdy connected to ground the length of the cathode lead 
is still sufficient to provide appreciable inductive reactance at frequencies of the order 
of 100 Mc/s. For this reason all plate and screen by-pass capacitors should be re- 
turned to one cathode lead and the grid returns to the other. The alternating volt- 
ages developed across the cathode lead inductance due to currents from the plate and 
screen circuits aire in this way prevented from being direcdy impressed in series with 
the grid circuit, since it is the grid to cathode voltages which are of major importance. 
Direct current divides between the two available cathode paths, but this is not import- 
ant since the path taken by this current normally does not affect the grid input admit- 
tance. To obtain grid bias the " grid " cathode lead employs the usual resistor and 
capacitor combination. The r-f by-pass capacitors from the plate and screen circuits 
connect directly to the other cathode terminal which is not direcdy connected to 
ground in this arrangement. A typical circuit is shown in Fig. 23.8. 

In pentodes working at v-h-f it is advis- 
able to connect the suppressor grid terminal 
direcdy to ground, when a separate terminal 
is available for this electrode, rather than 
to the cathode, because the suppressor lead 
inductance would then be connected in 
series with any external cathode lead induc- 
tance. If this precaution is not taken the 
coupling between control grid and plate is 
increased, because of the capacitance from ric.2*» r-f ampler w™ two cathode 
control grid to suppressor and from sup- 
pressor to plate, the junction of these two 
capacitances having an impedance to ground depending on the total lead inductance. 

Similar considerations also apply to screen grid circuits, particularly when the valve 
has a single Cathode lead, and the shielding action of this grid can be seriously affected 
if proper precautions are not taken, such as direcdy earthing by-pass capacitors. 
These circuit arrangements are not very important at low frequencies where degenera- 1 
tive effects may be more serious, necessitating the connection of the suppressor grid 
and by-pass capacitors directly to the cathode. 

(ii) Input loading of receiving valves at radio frequencies* 

(See also Chapter 2, Sect. 8 and R.C.A. Application Note No. 118— Ref. B25). 

The input resistance of r-f amplifier valves may become low enough at high radio 
frequencies to have appreciable effect on the gain and selectivity of a preceding stage. 
Also, the input capacitance of a valve may change enough with change in a.v.c. bias 
to cause appreciable detuning of the grid circuit. It is the purpose of this Note to 
discuss these two effects and to show how the chance in input capacitance can be 
reduced. 

*From R.C.A. Application Note No. 101. ~ 




23.5 



(ii) INPUT LOADING OF RECEIVING VALVES 



929 



(A) Input conductance 

It is convenient to discuss the input loading of a valve in terms of the valve's input 
conductance rather than input resistance. The input conductance g t of commercial 
receiving valves can be represented approximately by the equation 

gi = k J + k^ (1) 

where / is the frequency of the input voltage. A table of values of k e and k h for 
several r-f valve types is shown below. The approximate value of a valve's input 
conductance in micromhos at all frequencies up to those in the order of 100 megacycles 
can be obtained by substituting in Eq. (1) values of k e and k h from the table. In 
some cases, input conductance can be computed for conditions other than those 
specified in the table. For example, when all the electrode voltages are changed by 
a factor n, k h changes by a factor which is approximately » -1 / 2 . The value of k e is 



TABLE OF APPROXIMATE VALUES OF k e AND k h FOR SEVERAL VALVE 






TYPES 


















Signal- 




k e 


K 


Valve 


Description 


Plate 


Screen 


Grid 


Supress- 


micro 


micro 


Type 




volts 


volts 


bias 


or 


—mhos/ 


—mhos/ 










volts 


volts 


Mc/s 


Mc/s« 


6A8 


Pentagrid 


250 


100 


-3 





0.3 


-0.05* 


6J7 


Pentode 


250 


100 


-3 





0.3 


0.05 


6K7 


Pentode 


250 


100 


-3 





0.3 


0.05 


6K8 


TVfa'V^—I'lgVryli* 


250 


100 


i 


— 


A -2 


-0.08t 


6L7 


Mixer 


250 


100 


-3 


— 


0.3 


0.15J 


esA?^ 


Pentagrid 


250 


100 





— 


0.3 


-0.03§ 


6SA7*§ 


Pentagrid 


250 


100 


-2 


— 


0.3 


-0.03§ 


6SJ7f 


Pentode 


250 


100 


-3 





0.3 


0.05 


6SK7f 


Pentode 


250 


100 


-3 





0.3 


0.05 


954 


Pentode 


250 


100 


-3 





0.3 


0.005 


1851 


Pentode 


250 


150 


-2 





0.3 


0.13 


6AC7/ 
















1852f 


Pentode 


250 


150 


-2 





0.3 


0.13 


6AB7/ 
















1853f 


Pentode 


250 


200 


-3 





0.3 


0.065 



•For oscillator-grid currant of 03 mA through 50 000 ohms. 

tFor oscillator-grid current of 0.15 mA through 50 000 ohms. 

iFor wide range of oscillator currents. 

{For grid No. 1 current of 03 mA through 20 000 ohms. 

lSelf-exaLted. ^Separately excited. 

% Denotes single ended valve type. 

practically constant far all operating conditions. Also, when the transconductance 
of a valve is changed by a change in signal-grid bias* k h varies directly with trans- 
conductance over a wide range. In the case of converter types, the value of k h de- 
pends on oscillator-grid bias and oscillator voltage amplitude. In converter and 
mixer types, k h is practically independent of oscillator frequency. 

In eqn. (1), the term kef is a conductance which exists when the cathode current is 
zero. The term k h f* is the additional conductance which exists when cathode current 
flows. These two terms can be explained by a simple analysis of the input circuit 
of a valve. 

(B) Cold input conductance 

The input impedance of a valve when there is no cathode current is referred to as 
the cold input impedance. The principal components of this cold impedance are a 
resistance due to dielectric hysteresis, and a reactance due to input capacitance and 
cathode-lead inductance. Because these components are in a parallel combination, 
it is convenient to use the terms admittance, the reciprocal of impedance, and sus- 
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ceptance, the reciprocal of reactance. For most purposes, the effect of cathode-lead 
inductance is negligible when cathode current is very low. The cold input admittance 
is, therefore, a conductance in parallel with a capacitive susceptance. The conductance 
due to dielectric hysteresis increases linearly with frequency. Hence, the cold input 
conductance can be written as k c f, where k c is proportional to the power factor of 
grid insulation and is the k c of eqn. (1). 

(C) Hot input conductance 

The term k h f 2 , the input conductance due to the flow of electron current in a valve, 
has two principal components, one due to electron transit time and the other due to 
inductance in the cathode lead. These two components can be analysed with the 
aid of Fig. 23.9. In this circuit, C h is the capacitance between grid and cathode when 
cathode current flows, C g is the input capacitance due to capacitance between grid 
and all other electrodes, except cathode, g t is the conductance due to electron transit 
time, and L is the cathode-lead inductance. Inductance L represents the inductance 
of the lead between the cathode and its base pin, together with the effect of mutual 
inductances between the cathode lead and other leads near it. Analysis of the circuit 
of Fig. 23.9 shows that, with L small as it generally is, the input conductance, g h , due 
to the presence of cathode current in the valve, is approximately 

g h = g m «>*LC h + g t (2) 

where o» = 2irf. The term g m a> 2 LC h is the conductance due to cathode-lead in- 
ductance. It can be seen that this term varies with the square of the frequency. 
In this term, g m is the grid-cathode transconductance because the term is concerned 
with the effect of cathode current flowing through L. In a pentode, and in the 6L7, 
this transconductance is approximately equal to the signal-grid-to-plate transcon- 
ductance multiplied by the ratio of direct cathode current to direct plate current. 
In the converter types 6A8, 6K8 and 6SA7, the signal-grid-to-cathode transcon- 
ductance is small. Cathode circuit impedance, therefore, has little effect on input 
conductance in these types. 

For an explanation of the conductance, g t , due to electron transit time, it is helpful 
to consider the concept of current flow to an electrode in a valve. It is customary 
to consider that the electron current flows to an electrode only when electrons strike 
the surface of the electrode. This concept, while valid for static conditions, fails to 
account for observed high-frequency phenomena. A better concept is that, in a 
diode for example, plate current starts to flow as soon as electrons leave the cathode. 
Every electron in the space between cathode and plate of a diode induces a charge on 
the plate ; the magnitude of the charge induced by each electron depends on the 
proximity of the electron to the plate. Because the proximity changes with electron 
motion, there is a current flow to the plate through the external circuit due to the 
motion of electrons in the space between cathode and plate. 

Consider the action of a conventional space-charge-limited triode as shown in 
Fig. 23.10. In this triode, the plate is positive with respect to cathode and the grid is 
negatively biased. Due to the motion of electrons between cathode and grid, there 
is a current I a flowing into the grid. In addition, there is another current I b flowing 
out of the grid due to the motion of electrons between grid and plate receding from the 
grid. When no alternating voltage is applied to the grid, I a and /& are equal and the 
net grid current 7, is zero. 

Suppose, now, that a small alternating voltage (e ff ) is applied to the grid. Because 
the cathode has a plentiful supply of electrons, the charge represented by the number 
of electrons released by the cathode (Q*) is in phase with the grid voltage, as shown 
in Figs. 23.1 1(a) and 23.1 1(b). The charge induced on the grid (Q„) by these electrons 
would also be in phase with the grid voltage if the charges released by the cathode 
were to reach the plane of the grid in zero time, as shown in Fig. 23.11(c). In this 
hypothetical case, the grid current due to this induced charge (Fig. 23.11(d)) leads 
the grid voltage by 90 degrees, because by definition, current is the time rate at which 
charge passes a given point. However, the charge released by the cathode actually 
propagates towards the plate with finite velocity ; therefore, maximum charge is 
induced on the grid at a time later than that corresponding to maximum grid voltage, 
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as shown in Fig. 23.1 1(e). This condition corresponds to a shift in phase by an angle 
6 of Q g with respect to e„ ', hence, the grid current lags behind the capacitive current 
of Fig. 23.1 1(d) by an angle 6, as shown in Fig. 23.1 1(f). Clearly, the angle 9 increases 
with frequency and with the time of transit t. Expressed in radians, 6 — cot. 




TRANSIT TIME 



K C| Oj G% G4 Gj f 




FIG. 23-14 ■^■ 



FIGURES 23-9 TO 23-14 INCLUSIVE 



The amphtude of Q g is proportional to the amplitude of the grid voltage ; the grid 
current, which is the time rate of change Q g , is thus proportional to the time rate of 
change of grid voltage. For a sinusoidal grid voltage, e g = E g sin cot, the time rate 
of change of grid voltage is ioE g cos cot . Therefore, for a given valve type and opera- 
ting point, the amplitude of grid current is 

I g = KE„to 
and the absolute value of grid-cathode admittance due to induced charge on the grid is 
Y t = I g /E g = Kco (3) 

The conductive Component (g f ) of this admittance is 

g t = Y t sin 6 = Y t 9 = Kcod (for small values of 6). 

Because 6 = cot, this conductance becomes, for a given operating point, 
g t = Kco*t. (4) 

Thus, the conductance due to electron transit time also varies with the square of the 
frequency. This conductance and the input conductance, g m to 2 LC h , due to cathode- 
lead inductance, are the principal components of the term k h p of eqn. (1). 

This explanation of input admittance due to induced grid charge is based on a 
space-charge-limited valve, and shows how a positive input admittance can result 
from the induced charge. The input admittance due to induced grid charge is nega- 
tive in a valve which operates as a temperature-limited valve, that is, as a valve where 
cathode emission does not increase when the potential of other electrodes in the valve 
is increased. The emission of a valve operating with reduced filament voltage is 
temperature limited ; a valve with a screen interposed between cathode and grid 
acts as a temperature-limited valve when the screen potential is reasonably high. The 
existence of a negative input admittance in such a valve can be explained with the aid 
of Fig. 23.12. 

When the value of E c2 in Fig. 23.12 is sufficiently high, the current drawn from the 
cathode divides between g 2 and plate ; any change in one branch of this current is 
accompanied by an opposite change in the other. As a first approximation, there- 
fore, it is assumed that the current entering the space between g z and £ 3 is constant 
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and equal to pv, where p is the density of electrons and v is their velocity. g 2 may 
now be considered as the source of all electrons passing to subsequent electrodes. 

Suppose now, that a small alternating voltage is connected in series with grid g a> 
as shown in Fig. 23.12. During the part of the cycle when e a is increasing, the elec- 
trons in the space between g 2 and g 3 are accelerated and their velocities are increased. 
Because the current pv is a constant, the density of electrons (j>) must decrease. In 
this case, therefore, the charge at g 2 is 180 degrees out of phase with the grid voltage, 
as shown at a and b of Fig. 23.13. This diminution in charge propagates toward 
the plate with finite velocity and induces a decreasing charge on the grid. Because 
of the finite velocity of propagation, the maximum decrease in grid charge occurs at 
a time later than that corresponding to the maximum positive value of e ai as shown in 
Fig. 23.13(c). The current, which is the derivative of Q„ with respect to time, is 
shown in Fig. 23.13(d). If there were no phase displacement (0 — 0), this current 
would correspond to a negative capacitance ; the existence of a transit angle 0, there- 
fore, corresponds to a negative conductance. By reasoning similar to that used in 
the derivation of eqns. 3 and 4, it can be shown that the absolute value of negative 
admittance due to induced grid charge is proportional to to, and that the negative 
conductance is proportional to w 2 . These relations are the same as those shown in 
eqns. 3 and 4 for the positive admittance and positive conductance of the space-charge- 
limited case. 

A negative value of input conductance due to transit time signifies that the input 
circuit is receiving energy from the " B " supply. This negative value may increase 
the gain and selectivity of a preceding stage. If this negative value becomes too large, 
it can cause oscillation. A positive value of input conductance due to transit time 
signifies that the signal source is supplying energy to the grid. This energy is used 
in accelerating electrons toward the plate and manifests itself as additional heating 
of the plate. A positive input conductance can decrease the gain and selectivity of a 
preceding stage. 

It should be noted that, in this discussion of admittance due to induced grid charge, 
no mention has been made of input admittance due to electrons between grid and plate. 
The effect of these electrons is similar to that of electrons between grid and cathode. 
The admittance due to electrons between grid and plate, therefore, can be considered 
as being included in eqn. (3). 

(D) Change in input capacitance 

The hot grid-cathode capacitance of a valve is the sum of two components, the cold 
grid-cathode capacitance, C„ which exists when no cathode current flows, and a 
capacitance, C t , due to the charge induced on the grid by electrons from the cathode. 
The capacitance C t can be derived from eqn. (3), where it is shown that the grid- 
cathode admittance due to induced grid-charge is 

Y, = Ku. 
The susceptive part of this admittance is Y t cos 8. Since this susceptance is equal 
to wC t , the capacitance C t is 

C t = K cos = K (for small values of 8). 

Hence, the hot grid-cathode capacitance C h is 

C h = C e + K. 
The total input capacitance of the circuit of Fig. 23.9 when the valve is in operation, 
includes the capacitance C h and a term due to inductance in the cathode lead. This 
total input capacitance, C„ can be shown to be approximately 

C, = C, + C h - gmgi L (5) 

where the last term shows the effect of cathode-lead inductance. This last term is 
usually very small. It can be seen that if this last term were made equal in magnitude 
to C„ -f C h) the total input capacitance would be made zero. However, the practical 
application of this fact is limited because g m and g t change with change in electrode 
voltages, and g t changes with change in frequency. 

When cathode current is zero, the total input capacitance is practically equal to 
C, + C c . Subtracting this cold input capacitance from the hot input capacitance 
given by eqn. (5), we obtain the difference, which is K — gmg t L. In general, K is 
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greater than gmgtL. Therefore, in a space-charge-limited valve, where K is positive, 
the hot input capacitance is greater than the cold input capacitance. In a temperature- 
limited valve, where K is negative, the hot input capacitance is less than the cold 
input capacitance. In both valves K changes with change in transconductance. 
Because of this change, the input capacitance changes somewhat with change in a.v.c. 
bias. In many receivers, this change in input capacitance is negligible because it is 
small compared with the tuning capacitances connected in the grid circuits of the high- 
frequency stages. However, in high-frequency stages where the tuning capacitance 
is small, and the resonance peak of the tuned circuit is sharp, change in a.v.c. bias 
can cause appreciable detuning effect. 
(E) Reduction of detuning effect 

The difference between the hot and the cold input admittances of a space-charge- 
limited valve can be reduced by means of an unbypassed cathode resistor, R k in Fig. 

1851 ,6AC7/ 1852 
TYPICAL CHARACTERISTICS 





E f * 6-3 VOLTS 

PLATE VOLTS' 250 

SUPPRESSOR VOLTS -0 

SCREEN VOLTS * ISO 

GRIO VOLTS » VARIEO 

FREQUENCY -40 Mqk 
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23.14. The total hot input admittance of this circuit is made up of a conductance 
and a capacitive susceptance C,'. Analysis of Fig. 23.14 shows that, if cathode-lead 
inductance is neglected, the total hot input capacitance, C/, is approximately 



c/. 



c„ + c e 



1 + K/C e 
1 + g m Rt 



(6) 



6AB7/IBS3 
TYPICAL CHARACTERISTICS 



Inspection of this equation shows that if K is positive and varies in proportion with 
g m , the use of the proper value of R k will make C t independent of g m . In a space- 
charge-limited valve, K is positive and is found by experiment to be approximately 
proportional to g m . It follows that the proper value of R k will minimize the detuning 
effect of a.v.c. in a space-charge-limited valve. Eqn. (6) is useful for illustrating the 
effect of R k but is not sufficiently precise for computation of the proper value of R k 

to use in practice. This 
value can be determined 
by experiment. It will 
be found that this value, 
in addition to minimizing 
capacitance change, also 
reduces the change in in- 
put conductance caused 
by change in a.v.c. bias. 
The effect of unbypassed 
cathode resistance on the 
change in input capacit- 
ance and input conduct- 
ance of types 6AC7/1852 
and 6AB7/1853 is shown 
in Figs. 23.15 and 23.16. 
These curves were taken 
at a frequency of 40 mega- 
cycles. The curves for 
the 6AC7/1852 also hold 
good for the 1851. 
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It should be noted that, 
because of degeneration 
in an unbypassed cathode 
resistor, the use of the 
resistor reduces gain. The 
reduced gain is 1/(1 4- 
g m R k ) times the gain with 
the same electrode volt- 
ages but with no unby- 
passed cathode resistance. 



The hot input conductance of a valve with an unbypassed cathode resistor can be de- 
termined by modification of the values of k h in the table. The value of k h in the table 
should be multiplied by g m /(l + gmRt)- The resultant value of k h , when sub- 
stituted in eqn. (1), with k e from the table, gives the input conductance of a valve 
with an unbypassed cathode resistor. In the factor (1 + g m Rk), gm is the grid- 
cathode transconductance when R k is by-passed. 

When an unbypassed cathode resistor is used, circuit parts should be so arranged 
that grid-cathode and plate-cathode capacitances are as small as possible. These 
capacitances form a feedback path between plate and grid when there is appreciable 

the suppressor and the screen by-pass condenser should be connected to ground rather 
than to cathode. 
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SECTION 6 : VALVE AND CIRCUIT NOISE* 

(t) Thermal agitation noise («) Shot noise (Hi) Induced grid noise (iv) Total 
noise calculations (v) Sample circuit calculations (vi) Conclusions. 

Maximum receiver sensitivity is not, in most cases, determined by the gain of the 
particular receiver but by the magnitude of the input circuit noise, which is generated 
by the antenna, the tuned input circuit, and the first tube. This is true of A-M, F-M 
and television except that in F-M and television the random noise effect assumes 
a far greater degree of importance than in the standard broadcast band. The reason 
for this is twofold : 

(1) At the frequencies where these two services operate, 50 to 250 Mc/s, the re- 
lative values of the several different noise sources assume entirely new proportions 
and the heretofore unimportant and little known induced grid noise becomes one 
of the predominant components of the total. 

(2) Most random input and tube noise is proportional to the square root of the band- 
width. Both television, with a 4 Mc/s band, and F-M, with a 200 Kc/s band, occupy 
much wider sections of the frequency spectrum than anything previously encountered 
by the commercial receiver engineer. 

(i) Thermal agitation noise 

When an alternating electric current flows through a conductor, electrons do not 
actually move along the conductor but they are displaced, an infinitesimal amount, 
first in one direction and then in the other. A voltage is built up across the conductor 
equal to the magnitude of the current times its resistance. Applying heat to the con- 
ducting material agitates the molecules of the conductor and, consequently, varies the 
instantaneous position in space of the electrons. This random electron motion is, 
in a sense, a minute noise current flowing through the material and is known as 
thermal agitation noise. That is, the application of heat agitates the electron dis- 
tribution of the substance thereby creating the noise. 

The magnitude of the short-circuit noise current is given by 

where i n 2 = mean squared noise current (amperes 2 ) 

K = Boltzmann's Constant (Joules per degree Kelvin), 1.38 x 10 -23 
T = temperature (degrees Kelvin) 
AF = bandwidth (c/s) 
and R = resistance (ohms). 

All noise currents and voltages are random fluctuations and occupy an infinite 
frequency band. Because of the random effect, the most convenient terminology 
to use in expressing their magnitude is average noise-power output. Mean-squared 
noise current or mean-squared noise voltage, either of which is proportional to average 
power, is generally used. 

In the expression for various noise components the term AF refers to the effective 
bandwidth of the circuit. This is determined from a curve of power output versus 
frequency by dividing the area under the curve by the amplitude of the power at the 
noise frequency in question. For most calculations, however, where only approxi- 
mate values are desired, the bandwidth between half power points, or 0.707 voltage 
points, will give sufficient accuracy. 

The equation below expresses thermal agitation noise as a voltage in series with a 
given resistor ; 

e„ 2 = 4KTAFR. (2) 

Both the above forms are true of all resistive circuit elements or combination of 
elements including parallel and series-tuned circuits. 

. *This section is taken directly from an article " Input Circuit Noise Calculations for FM and Tele- 
visic~\ F.fceivers " by W. J. Stolze, published in Communications, Feb. 1947, and reprinted by special 

■ eraiiiision. 
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Referring to Fig. 23.17(a), let us suppose a resistance of 10 000 ohms were connected 
to the input of an amplifier with a 5 Kc/s bandwidth, i.e., 5 Kc/s between half power 
points or an audio band of 2.5 Kc/s. At room temperature, 20°C or 293°K, the 
term 4KT in the expressions for noise simplifies to 1.6 x 10 -20 , which may be used 
in most receiver calculations. The noise in Fig. 23.17(a) is therefore : 

e n a = 1. 6 x 10-™ AFR 

e n = Vl.6 x lO -80 x 5 000 x 10 000 

e n = 0.89 microvolt. 
The noise bandwidth is generally determined by the narrowest element in the entire 
circuit under consideration. In the example for Fig. 23.17(b) the bandwidth of the 
amplifier is narrower than the tuned circuit and therefore its AF is used in the calcu- 
lations. 




L-300)lH_[_ 



~5*" 



I 



;C>65|i|iF 



Fig. 23.17. Sample thermal noise circuits 
Frequency = 1000 Kc/s ; Q = 100 
L = 300 microhenries (.Re/. 533). 



fig. as. i7 
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Fig. 23.17(b) is a simple parallel-tuned circuit Where the noise generating resistance 
is equal to the tuned circuit impedance. Again let us assume the bandwidth to be 
five Kc per second. 

R = Q(wL) = 100 x 1900 = 190 000 ohms 
e„* = 1.6 x 10~ 20 AFR 
e n = Vl.6 x HT 20 X 5 000 X 190 000 

e n — 3.9 microvolts. , 

Thermal agitation noise voltage may be calculated easily with eqn. (2) but by using 
the graph shown in Fig. 23. 18 the room temperature values may be found directly. 




ipoo 



5 25 2S 25 25 

iqooo locyxx) imeg iomeg 

RESISTANCE (ohms) fiG. 23.IS 



Fig. 23.18. Thermal agitation noise voltage versus resistance and band-width (Ref 2J33). 

(ii) Shot noise 

Another important component of the total receiver noise is shot noise. This noise 
is generated inside the vacuum tube and is due to the random fluctuations in the plate 
current of the tube, or, to state it in another manner, random variations in the rate of 
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arrival of electrons at the plate. When amplified, this noise sounds as if the plate 
were being bombarded with pebbles or as if a shower of shot were falling upon a metal 
surface, hence the name shot noise. 

Although generated essentially in the plate circuit of the tube, which is not a con- 
venient reference point for sensitivity or signal-to-noise ratio calculations, the shot 
noise is nearly always referred to as a noise voltage in series with the grid. Since the 
following equation is true, 

*« = ijgm (3) 

where e t = a.c. grid voltage 

j, = a.c. plate current, 
and g m = transconductance, 

by simply dividing the noise current in the plate circuit by the transconductance of 
the tube, the shot noise may be referred to the grid and expressed in terms of grid 
voltage. 

Another step is taken, however, to simplify the noise nomenclature. Suppose a 
given tube has a shot noise' equal to e„ microvolts in series with its grid. It is per- 
fectly valid to imagine that this voltage could be replaced by a resistance whose thermal 
Agitation noisejs equal to e n (the shot noise) and to consider the tube to be free Of noise. 
This imaginary resistance, which when placed in the grid of the tube generates a 
voltage equal to the shot noise of the tube, is known as the shot noise equivalent 
resistance or just as the equivalent noise of the tube. The advantage of this ternuno- 1 
logy is that when the equivalent noise resistance of the particular tube is known, the 
noise voltage may be! calculated directly for any given bandwidth by substituting values 
in the following formula : 

e m * = 4KTAFR eq (4) 

where R t g = equivalent noise resistance} 
or at room temperature 



ej = l.a X 10r**AFR. 



(5) 
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If the noise were expressed as a voltage or current its value would be correct only for 

one particular bandwidth. 

By knowing the R, a of 
any two given tubes their 
relative shot noise merit is 
also known regardless of 
what bandwidth they are 
to operate at, while if the 
noise voltages were given 
alone the operating band- 
width at which the calcu*- 
lation was made would 
also have to be noted- if 
the relative merits of the 
two tubes were to be 
denned. 

Noise-equivalent resist- 
ance values for a number 
of different tube types 
(triodes, pentodes, and 
converters) and for various 
circuit applications (am- 
plifiers and mixers) can 
be calculated by applying 
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FIG. 23.1 

Fig. 23.19, Approximate calculated equivalent noise 
resistance of various receiving-type tubes (.Re/, B33). 
the expressions presented in the chart, Fig. 23.19*. 

When the term converter is used it refers to a tube that is used for frequency con- 
version where the single tube acts as the local oscillator and the mixer (6SA7) ; the 
term mixer where two tubes are used, one as the mixer (6SG7), and one as the local 

oscillator (6C4). . 

*W, A. Harris " Fluctuations in vacuum tub* amplifiers and input systems," ELQA. Review, April 
1941. 
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TUBE 
TYPE 


APPLICATION 


PLATE 
VOLTS" 


SCREEN 
VOLTS 


TRANSCONOUCTANCE 
MICROMHOS 


EQUIVALENT 

NOISE RESISTANCE 

OHMS 


6AC7 


PENTOOE AMPLIFIER 


300 


150 


9,000 


720 


6AC7 


PENTODE' MIXER 


300 


ISO 


2,200 


2,800 


SAGS 


PENTODE AMPLIFIER 


250 


ISO 


5,000 


1,650 


6AGS 


PENTODE MIXER 


250 


ISO 


1,250 


6,600 


6AG7 


PENTODE AMPLIFIER 


300 


150 


11,000 


1,540 


6AK5 


PENTODE AMPLIFIER 


ISO 


120 


5,100 


1,880 


6AKS 


PENTOOE MIXER 


ISO 


120 


1,280 


7,520 


6AK6 


PENTODE AMPLIFIER 


ISO 


180 


2,300 


8,800 


6AT6 


TRIODE AMPLIFIER 


250 





1,200 


2,100 


6AU6 


PENTODE AMPLIFIER 


250 


150 


5,200 


2,660 


6BA6 


PENTODE AMPLIFIER 


250 


100 


4,400 


3,520 


6BA6 


PENTODE MIXER 


2 50 


100 


1,100 


14,080 


6BE6 


CONVERTER, 


250 


100 


475* 


190/300 


6C4 


TRIODE AMPLIFIER 


100 





3,100 


810 


6C4 


TRIODE MIXER 


100 





770 


3,240 


6C5 


TRIODE AMPLIFIER 


250 





2,000 


1,250 


6C5 


TRIODE MIXER 


250 





500 


5,000 


6J5 


TRIODE AMPLIFIER 


2 50 





2,600 


960 


6J5 


TRIODE MIXER 


250 





650 


3,840 


±6 J 6 


TRIODE AMPLIFIER 


100 





5,300 


470 


4-6 J 6 


TRIODE MIXER 


100 





1,320 


1,880 


6K8 


CONVERTER 


250 


100 


350- 


290,000 


6SA7 


CONVERTER 


250 


100 


450" 


240,000 


6SB7-V 


CONVERTER 


250 


100 


950" 


62,000 


6SC7 


TRIODE AMPLIFIER 


250 


— 


1,325 


1,890 


6SG7 


PENTODE AMPLIFIER 


250 


125 


4.7O0 


3,100 


6SG7 


PENTODE MIXER 


250 


125 


1,180 


12,400 


6SJ7 


PENTOOE AMPLIFIER 


250 


100 


1,650 


6,100 


6SK7 


PENTOOE AMPLIFIER 


250 


100 


2,000 


IIJOOO 


6SL7 


TRIOOE AMPLIFIER 


250 





1,600 


1,560 


6S07 


TRIODE AMPLIFIER 


250 





1,100 


2,300 


(•) VALUES OF PLATE VOLTAGE AND CURRENT ANO SCREEN 

VOLTAGE AND CURRENT ARE FOR TYPICAL OPERATING 

CONDITIONS. 
(-J CONVERSION TRANSCONDUCTANCE - MICROMHOS ftQ y* JO 



After the equivalent noise resistance is known the value of r.m.s. noise voltage at 
the grid of this tube can be calculated by applying the same expression that is used for 
thermal agitation noise, 

e n 2 = 1.6 x 10- i0 AFR 
or, by using the graph of Fig. 23.18. 

Fig. 23.20 presents calculated equivalent noise resistance values for a number of 
commonly used tubes acting as various types of circuit elements. These are, of 
course, approximate figures. 

It can be seen from Figs. 23.19 and 23.20 that the noise resistance or voltage is at 
a minimum for a triode, increasing for the pentode and the multigrid tube, following 
in that order. 

Shot noise is unique among the noise sources in the sense that the shot-noise voltage 
should be considered to exist in series with the grid inside the tube. The reason for 
this is that nothing can be done to the external grid circuit that will alter the magnitude 
of this component. Even though the shot noise must Be tolerated, its effect can be 
minimized by designing the input circuit for maximum signal at the grid. This 
does not reduce the magnitude of the noise but does improve the signal-to-noise-ratio 
of the receiver. 
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(iii) Induced grid noise 

Also present in the receiving tube is a third source of noise which is generated 
internally in the tube but whose magnitude and effect are determined partially by the 
external input circuit. Known as induced grid noise, this minute current is induced 
in the grid wires of the tube by random fluctuations in the plate current. It is known 
that a varying electron beam will induce a current in any nearby conductor. There- 
fore, the fluctuating plate current which is in a sense a varying electron beam, will 
induce a noise current in the nearby grid conductors. 

The input impedance of a vacuum tube has a re- 
active and a resistive component. At relatively low 
frequencies the resistive component is very high 
(below about 30 Mc/s) ; as the frequency is in- 
creased the resistive component decreases and its 
magnitude eventually becomes comparable to or even 
lower than the external grid circuit impedance. The 
resistive component is composed of two parts, the 
portion due to transit time effect, and the portion due 
to the inductance of the cathode lead. 

An expression for induced-grid-noise* for tubes 




Fig. 23.21. Position of in- 
duced grid noise in vacuum- 
tube circuit (Ref. .B33). 




with control grid adjacent to the 
cathode follows : 

»»,.,. = 1.4 X 4KT k AFG eleet 
or when expressed in the form of a 
voltage generator, 

e* Utm = 1.4 X 4KT k AFR elect (6) 



where : T k 



Gel 



and R elt 



cathode tempera- 
ture (degrees Kel- 
vin) 

electronic (transit 
time) component of 
input conductance 
electronic compon- 
ent of input resist- 
ance. 



From eqn. (6) it can be seen that 
the induced grid noise is propor- 
tional to the electronic or transit 
time component of the input resist- 
ance. Measurement of the total 
input resistance is a comparatively 
simple matter with the use of a high 
frequency Q meter, but the separa- 
tion of the electronic and the cathode 
inductance components, which are 
essentially two resistances in parallel 
between the grid and ground, is a 
very difficult matter. Since most 
joo 200 jjigh-frequency tubes are con- 
fig. 23.22 structed with either two cathode 
Fig. 23.22. Approximate electronic input leads or one very short lead, assum- 
resistance versus frequency (Ref. B33). mg ^g tota i measured input resist- 
ance to be electronic would not introduce too great an error. Another factor in favour 
of this approximation is that it would be the case for maximum induced grid noise and 
any error introduced would mor e than likely be on the safe side. __ 

*D. O. North " Fluctuations induced in vacuum-tube grids at high frequencies " Proc. I.R.E. Feb. 
1941. 
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Cathode temperature in most receiving tubes, which almost exclusively use oxide- 
coated cathodes, is approximately 3.6 times the normal room temperature in degrees 
K. Eqn. (6) can be rewritten therefore as 

e\, m = 5 X 4KTAFR elect (7) 

where T = room temperature (degrees Kelvin), 
or, when T == 300 degrees Kelvin, 

«»,.,. = 8 x 10- 20 AFR elect (8) 

In circuit calculations this noise is essentially in series with a resistance equal to 
R elect located between the grid and ground — Fig. 23.21. 

The approximate input resistance for a number of common receiving tubes in the 
frequency range of F-M and television is given in Fig. 23.22. This chart can be used 
to find approximate input resistance values for induced grid-noise calculations. 

(iv) Total noise calculations 

Calculations of total input noise are made by using the grid of the input tube as a 
reference point. There are many sources of noise and each must be calculated and 
referred to the grid reference point before a summation is made. Since noise is a 
random effect and calculated on a power basis, the separate components cannot be 
added directly but as t he square root of the sum o f the squares. 

Total Noise = V^ 2 + e 2 s + e 3 s + etc. (9) 

The various noise voltages that must be referred to the first grid are : 

(1) Thermal agitation noise of the antenna radiation resistance. 

(2) Thermal agitation noise of the tuned grid circuit. 

(3) Shot noise of the input tube. 

(4) Induced grid noise of the input tube. 

(5) Grid circuit noise of the following stages referred back to the first grid. 

In Fig. 23.23(a) appears a diagram of a practical input circuit and the location of all 
the circuit parameters and noise voltages. Fig. 23.23(b) is essentially the same except 
that the antenna circuit is reflected through the transformer and considered to exist 
at the grid. This is the diagram that is most useful in calculating the total input 

circuit noise. 



FIG. 23.S3 




"out' Antenna Radiation Resistance 
ego* • Antenna Resistance Thermal Noise 
«si« • Siyial voltogc 
Relet" Tuned Circuit Impedance 
c ckr « Tuned Circuit Thermal Noise 
R t|ceT >Oecrronic Input Resistance 

e, > Induced Grid Noise 

R^, . Equivalent Shot Noise flesisranee 

«»hot* Vo,v * ihoX Noi * 
N - Turns Ratio of Coupling Transformer 




Fig. 23.23. Position of various noise 
sources in input circuit (Ref. B33). 



The steps necessary to find specific 
values for each of these factors are shown in 
Fig. 23.24. Antenna radiation resistance 
varies widely with the type of antenna 
chosen, but for F-M and television work 
it is generally in the order of 75 to 300 
ohms. When the noise is known in terms 
of an equivalent resistance, as is the case 
here for the antenna, tuned circuit, and 
shot noise, the equivalent voltage can be 
either calculated or obtained directly 
from Fig. 23.18. 

In order to add the antenna, tuned cir- 
cuit, and induced grid noise to the shot 
noise the effective voltage of these three 
components at the grid, or between the 
points A and B, must be known. Each 
must go through what is essentially a re- 
sistive divider and may be calculated as 
shown in Fig. 23.25. 

After knowing the magnitude of the 
separate sources that exist between A-B, 
the total noise voltage is 
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(1) R ANT -DEPENDS UPON SPECIFIC ANTENNA 

(2) Eant" Vl-6X10 _ao R^nt &F "OR DIRECTLY FROM F1G.23-I8 

(3) R CKT -QUL -,£ 



(4) Echt" 'Vl-6XlO- 20 R CKT aF -OR DIRECTLY FROM FIG. 23-18 

(5) R elect "FROM ACCOMPANYING CHART. FIG. 23-22 

(6) E (G - -VaXlO-ZORELECTiF 

(7) Req-FROM ACCOMPANYING CHART, FIG. 23-20 



(8) Ejhot- V 1-6 X 10-2° AF R EQ - OR DIRECTLY FROM FIG. 23-18 



FIG. 23.24 ~"~ - 

Fig. 23.24. Procedure for calculating various noise voltages (Ref. JB33). 

e tot ax = V(e shot y + (e ant at A -B) 2 -f (««_, at A-B) 2 + (e ckt at A-B) 2 (10) 
One other factor may affect this total, however. If the total noise of the following 
stages, which is calculated similarly, ignoring the antenna of course, is appreciable, 
it must be added to the constants of Fig. 23.25. In reflecting it to the first grid the 
second stage noise should be divided by the gain of the first tube. When the gain is 
about ten or more this factor may usually be neglected. 

Effective signal voltage across A-B is calculated in the same way as the antenna 
noise in Fig. 23.25. The signal-to-noise ratio is now also known. 

Since the signal-to-noise ratio is determined by the signal strength and the total 
noise at the grid of the input tube, for a receiver that has a mixer, such as 6SK7, for 
tue input tu^e, tue signsx-to— noise ratio may we con5it*erau.Ly improveu uy ti*e auuition 
of an r-f tube, such as a 6SG7, which has considerably less total noise. By adding 
additional r-f tubes (6SG7's), however, since the total noise and signal at the grid 
will be the same, the signal-to-noise ratio will not be improved. 




Fig. 23.25. Circuit for reflecting various voltages to the grid (Ref. £33). To find 
the effective voltage of the antenna, the tuned circuit, and the induced grid noise at 
the grid of the tube let R t equal one of the above noise resistances and e x its generated 
voltage. If R 2 and R 3 equal the other two noise resistances the effective voltage at 
the grid is 

e-i ^ R2R3 

eiA-B = 



Ri + 



R%Ra 



Rt + -^3 



£ 2 + K3 

This calculation must be performed for the three components in turn. 

(v) Sample circuit calculations 

For a sample problem let us calculate the total noise at the grid of an F-M receiver 

r-f amplifier stage, assuming the circuit in Fig. 23.26(a) to be under consideration. 

As a simplification of procedure the steps in the calculations will be numbered. 

(1) N*R ant = 1200 ohms (calculated) 

(2) Reuct = 1200 ohms (Figure 23.22) 

(3) Rckt = Qo>L = 8000 ohms (calculated) 

(4) R e9 = 3100 ohms (Figure 23.20) 

At this point it will be convenient to redraw the circuit as shown in Fig. 23.26(b). 

(5) Ne ant = 2 microvolts (Fig. 23.18) 

(6) e Ut . = V8 x 10-*° x 200 x 10 3 x 1200 

= 4.4 microvolts (equation (8)) 
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(7) eckt =6 microvolts (Fig. 23.18). 

(8) e , hBt = 3.5 microvolts (Fig. 23.18). 

The next step is to find the effective voltage of each source between the grid and 
ground (or A-B) as shown in Fig. 23.25. 
2 

x 1040 = 0.93 microvolt. 



(9) e ant A-B = 
(10) e t . g . A-B = 
(ll)« eM A-B = 



1200 + 1040 

4.4 
1200 + 1040 
6 



8000 + 600 
and the total noise is therefore 



x 1040 = 2.0 microvolts. 



x 600 = 0.42 microvolts. 



(12) e total = V3.5' + 0.93* + 2.0* + 0.42* 
= 4.3 microvolts [equation (10)]. 



(vi) Conclusions 

Selection of an input tube for a television 
or F-M receiver is dependent upon many 
varying circuit conditions and individual 
requirements. The choice of using bal- 
anced or unbalanced input, permeability or 
capacitor tuning, noisy pentodes or quiet 
triodes that possibly require neutralization, 
among others, lies entirely with the design 
engineer. Considering these reasons and 
various engineering and economic compro- 
mises no particular tube can be chosen and 
defined as the input tube. Complete 
noise information about the circuits in- 
volved is necessary, however, as this is one 
of the determining factors for good sensi- 
tivity and signal-to-noi? ratio 




Fig. 23.26. Typical F-M receiver 
input circuit {Ref. JB33). 



SECTION 7 : INSTABILITY IN R-F AMPLIFIERS 

(i) Causes of instability («) Inter-electrode capacitance coupling (Hi) Summary. 

(i) Causes of instability 

Instability in r-f amplifiers can be due to many causes and some of these are listed 
below. 

(1) Inter-electrode coupling due to capacitances within the r-f amplifier valve. 
This coupling may be augmented by additional capacitance external to the valve, 
due to wiring etc. 

(2) Coupling between r-f and aerial coils, and leads, due to lack of adequate shield- 
ing or care in placement of the coils and leads relative to one another. 

(3) Impedances common to several stages such as the metal shaft of a variable 
capacitor, power supply impedance (including heater leads), capacitances between 
switch contacts, a.v.c. line etc. 
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(4) Feedback at the intermediate frequency or on harmonics of the i-f. 

Feedback at i-f can be serious when there is only an aerial stage preceding the con- 
verter. In some cases a simple expedient to overcome this difficulty is to connect a 
series resonant i-f trap between the aerial and earth terminals. 

(5) Overall feedback from the a-f section into the aerial stage. This can be checked 
by bringing the speaker leads into close proximity with the aerial terminal, and the 
feedback usually manifests itself as a characteristic a-f howl. Practically all of the 
above factors are under the receiver designer's control even though the elimination 
of undesired oscillations is often a very difficult practical problem. Further dis- 
cussion is given in Chapter 35, Sect. 3(v). 

(ii) Inter-electrode capacitance coupling 

Coupling due to inter-electrode capacitances calls for special consideration since 
these are an irreducible minimum when due care has been taken with the external 
circuits. A description of the effects which may be expected has been given in some 
detail in Chapter 2 Sect. 8 (see also Chapter 26, Sects. 7 and 8), where the nature of 
the impedance reflected into the grid circuit has been discussed. The connection 
with circuit instability is largely bound up in the magnitude of the input resistance 
component of the reflected impedance appearing across the valve grid circuit, and as to 
whether this input resistance is positive or negative. If the resistance is positive the 
dynamic impedance of the grid input circuit is lowered and there is a loss in gain and 
a broadening of the tuning characteristic. For a negative input resistance component 
the opposite effects hold with the dynamic impedance of the tuned circuit increased 
and the tuning becoming sharper. When the negative resistance, due to coupling 
by inter-electrode capacitances from other circuits associated with the valve, equals 
or exceeds the positive resistance of the grid input circuit, oscillation will occur. 

In the usual case for a r-f amplifier the primary winding of the r-f coil is resonated 
outside the tuning range. For a high impedance primary resonated below the lowest 
tuning frequency the plate circuit of the valve acts as a capacitance and the grid circuit 
is affected as though a positive resistance and a capacitance were connected in parallel 
across it. This effect is due to the total grid-to-plate capacitance. When the primary 
of the r-f coil is resonated above the highest tuning frequency, the valve sees an in- 
ductive load and a capacitance and a negative resistance component appear in parallel 
across the grid input circuit. (This circuit is the aerial coil when only one r-f stage 
is used). 

For the case of the tuned anode load circuit i.e. a single tuned circuit connected 
directly between plate and B + > the valve sees a resistive load and there is only a capacit- 
ance effectively reflected in parallel with the valve grid input circuit. In this latter 
case, however, because of circuit mistracking, the valve may only see a resistive load 
at a few points in the tuning range and at other settings of the tuning dial the load may 
appear as either a capacitance or an inductance depending on whether the resonant 
frequency is below or above the required signal frequency. 

The above effects can be neutralized by suitable circuit arrangements but usually 
the additional trouble and expense involved are avoided whenever possible. 

To obtain a quantitive idea of the permissible values of grid-to-plate capacitance 
which would just put a circuit on the verge of instability, an investigation was made by 
Thompson (Ref. B411 who gave the following results. 
_ A 
C °° ~ a>g m R D * 
where C gp = total capacitance grid to plate (valve internal and external) 
["2 for 1 r-f stage 
A =< 1 for 2 r-f stages 
(^0.764 for 3 r-f stages 
<a = 2tt x operating frequency 
g m = mutual conductance of r-f amplifier valve (assumed same type and 
operating conditions in each case), 
and R D = dynamic impedance of the input and output circuits (assumed identical 
in all cases for simplicity). 
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Obviously, even for values of C BP less than those obtained from the above expres- 
sion, there would be a marked effect on the gain and selectivity of the circuits before 
oscillation actually started. 

(iii) Summary 

Possible sources of feedback giving rise to instability can often be predicted from 
the circuit and component layout diagrams of a receiver. An estimate can be made 
of the possible magnitudes of many of the undesired voltages involved. 

It should be evident that it is for better to avoid possible feedback and instability 
by good electrical and mechanical design rather than spend many fruitless hours 
tracking down an oscillation which could have been avoided. 

A most helpful discussion of instability problems is given in E. E. Zepler's " Tech- 
nique of Radio Design " (in particular Chapter 9) and the reader is recommended to 
consult this book as an excellent practical guide. 

Some further considerations will be given to circuit instability in Chapter 26, in 
connection with i-f amplifiers. These circuits, being fixed tuned, are usually more 
amenable to calculation of possible instability than r-f stages and the results obtained 
more closely approximate to the practical set-up. 

It is necessary to mention that at very high frequencies (say above 50 Mc/s or so) 
the inductance of the screen-grid lead in screen-grid tetrodes and pentodes can cause 
an apparent change in plate to control-grid capacitance which is often sufficient to 
cause instability. If the screen is earthed by means of a capacitor, it is often possible 
to select a capacitance value which will be series resonant with the screen lead in- 
ductance, at the working frequency, and so form a low impedance path to ground. 
This arrangement is often sufficient to prevent instability from this cause, even over 
a range of frequencies. For further discussion see Ref. A8. 

It is also important to note that at the higher frequencies a capacitor does not behave 
as a pure capacitance, and its effective inductance and resistance become increasingly 
important as the frequency increases. With many types of capacitors it is possible 
that the inductive reactance will exceed the capacitive reactance even at frequencies 
as low as 30 Mc/s (with electrolytics an additional r-f by-pass should always be used). 
This effect is sometimes used to make the capacitor series resonant at the working 
frequency. Even if the capacitor behaves as a small inductance it will be appreciated 
that in some cases the reactance can be very low and effective by-passing is still pos- 
sible. In tuned circuits the Q can be materially affected by the increase in r-f resist- 
ance of the capacitors and both this and the previous effects should be checked. 

The effectiveness of by-pass capacitors and their Q at the working frequency can 
be readily checked with the aid of a Q meter by placing the capacitor in series with 
a coil of known inductance and Q. See Ref. B45. Finally, r-f chokes do not always 
behave as such, and their resonant frequencies should always be checked (see also 
Chapter 11 Sect. 6). 



SECTION 8 : DISTORTION 

(t) Modulation envelope distortion (») Cross modulation distortion. 

Modulation envelope distortion introduced by r-f voltage amplifiers is usually 
small when compared with that introduced by the later stages in a radio receiver e.g. 
the i-f amplifier, the detector and, perhaps, the frequency converter. This is par- 
ticularly true when the magnitude of the signal voltage is small. Amplitude modula- 
tion distortion in r-f amplifiers is usually caused by the curvature of the valve charac- 
teristic relating control grid voltage to plate current. The usual explanation for the 
introduction of this distortion is to consider that the portion of the characteristic curve 
being used can be represented by a power series relating the grid voltage (in this case 
the modulated carrier wave) and the plate current. It can be shown from this treat- 
ment that second order terms (terms containing squares) in the series do not introduce 
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distortion because of the selectivity of the tuned circuits. Third order terms (those 
containing cubes) do introduce distortion of the modulation envelope. 

R-F amplifier valves are usually designed so that the third order curvature of their 
characteristics is minimized as far as possible. This is achieved by using a variable 
pitch for the control grid winding and results in the well known variable-mu (or re- 
mote cut-off) characteristic. The variable-mu (or more exactly "variable g m " 
characteristic) and the resultant shape of the e„ — i v curve, have a large bearing on 
cross modulation distortion as will be discussed presently. 

(i) Modulation envelope distortion 

Because of the presence of the higher order terms in the power series representation, 
the magnitude of the r-f signal which can be handled by a particular type of r-f valve 
is limited if the distortion of the modulation envelope is not to be serious. Methods 
of measuring and calculating the signal handling capabilities of r-f amplifiers have 
been discussed in the literature and the reader is referred to K. R. Sturley's " Radio 
Receiver Design " Part 1 Chapter 4 Sect. 7 for a description of these methods, and 
to the other references listed at the end of this chapter. 

(ii) Cross modulation distortion 

Cross modulation distortion is an effect well known to receiver designers. It 
occurs when two signals are applied to any non-linear element such as a radio valve, 
under certain operating conditions, having appreciable third order curvature of the 
grid voltage-plate current characteristic. The effect is most noticeable when a strong 
local signal is present and the receiver is tuned to a weak signal. Insufficient r-f 
selectivity is often a major contributing factor in this regard. It is quite useless to 
have good selectivity in, say, the i-f amplifier once cross modulation has occurred in 
the r-f or converter stage, as no amount of subsequent selectivity can remove the un- 
desired signal which is now superimposed on the same frequency band as the desired 
signal, and the modulation on both signals will be heard in the received output. 

The r-f amplifier valve must also be designed so that the higher order modulation 
terms are kept as small as possible. A variable-mu valve will materially assist in 
handling a wide range of signal voltages without the grid voltage-plate current curva- 
ture being such as to allow serious cross modulation to occur. 

A careful choice of the bias voltage for the r-f valve, and making the cathode by- 
pass capacitor of sufficiently small value to be effective at radio frequencies only, will 
often assist in reducing cross modulation. 

When the local interfering station is a very powerful one it often becomes neces- 
sary to use special rejector circuits as well as high r-f selectivity. 

Effects such as external cross modulation are not discussed here but reference can 
be made to F. E. Terman's " Radio Engineers' Handbook " page 647 for some details. 
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SECTION 1 : INTRODUCTION 

In this chapter it is proposed to consider, briefly, some of the fundamental types of 
oscillator circuits (used in conjunction with valves) which are commonly employed 
in radio receivers. Of course there are numerous variations of the fundamental 
circuits, but generally these changes are only a practical convenience for obtaining 
some required special condition of operation from the basic circuit. 

The types of circuits to be considered are : 

(a) The tuned-plate oscillator 

(b) The tuned-grid oscillator 

(c) The Hartley oscillator 

(d) The Colpitts oscillator 

(e) The electron-coupled oscillator 

(f) The negative transconductance oscillator. 

For those interested in the general theory of oscillation, and in the many special cir- 
cuits available, a list of suitable references is given at the end of the chapter which will 
serve as a starting point, at least, for a more complete survey of this field of knowledge. 
Crystal oscillator circuits are not discussed here but a number of useful circuits are 
given in Refs. 27 (page 164), 26 (page 97) and 31 ; the latter giving a discussion of 
overtone (harmonic mode) crystal oscillators. 

Before proceeding to a discussion of particular types of oscillator circuits, a few of 
the fundamental principles will be briefly reviewed. 

The simplest form of electrical oscillator consists of a combination of inductance 
(L) and capacitance (C) connected together (as shown in Fig. 24.1), to which has been 
^•fiXToooop added, initially, electric or magnetic energy. Suppose that the 

capacitor C has been charged by some means. The energy 
stored in the capacitor is then iCE 2 , where E is the maximum 
potential difference between the plates. At this instant, when 
E has its maximum value, the current in the circuit is zero. 
The presence of the inductor will allow the energy stored 
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in the electric field of the capacitor to be transferred, and to form a magnetic field 
around the inductor. The capacitor discharges until finally E becomes zero and the 
current J becomes a maximum. At the instant at which / is a maximum the energy 
in the magnetic field is %LP, all the available energy is stored in the magnetic field 
and there is no electric field. The process now reverses, the magnetic field collapses 
and energy is transferred back to the electric field of the capacitor. This process 
repeats itself indefinitely if there is no loss of energy in the circuit (radiation is not 
considered here). 

Since the total energy which is stored in each field in turn, is the same, it is per- 
missible to write 

iC£ 2 = $LP (1) 

where E and / have their maximum values. 
Also E = 1/aC (2) 

and so l/co 2 C = L (3) 

or /= 1/2*VLC (4) 

where / is natural resonant frequency of the oscillations occurring in the circuit. 

Since there is always some resistance (R) present with practical circuit elements, 
the amplitude of each successive oscillation will decrease until eventually all of the 
energy is dissipated — mainly in the form of heat in the resistance — and the oscilla- 
tions will cease. (This is discussed further in Chapter 9, Sect. 1). The addition of 
extra energy to the circuit from some external source, such that the added energy 
equals that being lost, would allow the oscillations to continue indefinitely. In the 
circuits to be considered the power supply is the external source of energy, and the 
valve is the device controlling the energy which is added to the L C R circuit, in the 
correct phase and amplitude, to maintain oscillations. 

With any valve oscillator an exact analysis of the method of operation is very difficult, 
if not impossible, and it is usual to treat the circuits as being linear (at least for simple 
design procedure) although they depend on conditions of non-linearity for their opera- 
tion. This simplification is valuable because the mathematical analysis which can 
be carried out yields a great deal of useful information concerning the behaviour of 
the circuits. That the circuit operation is non-linear can be readily appreciated by 
considering the fact that the amplitude of the oscillations, once started, does not con- 
tinue to build up indefinitely. The energy gain of the system reaches a certain am- 
plitude and then progressively falls until equilibrium is established. The limits are 
usually set by the valve — plate current cut-off occurs beyond some value of the nega- 
tive grid voltage swing, and plate current saturation or grid current damping will 
limit the amplitude of the grid swing in the positive direction. For a discussion of 
the factors governing oscillation amplitude, the reader should consult Refs. 1 and 2. 

In the sections to follow, typical circuits applicable to radio receivers will be dis- 
cussed. It is not proposed to give a mathematical analysis or detailed physical ex- 
planations of the operation of the circuits, as this has been more or less adequately 
done in many text books and periodicals. Suitable references are 1, 3, 5, 7, 10, 11, 
24. 

At the outset it may be mentioned that, since high oscillator efficiency is not usually 
as important a factor as some other requirements in radio receivers, the design is 
generally a combination of empirical and experimental techniques. A large number 
of the circuit component values are pre-determined by such considerations as tracking 
the tuned circuit with signal circuits over a band of frequencies and maintaining 
constant oscillator amplitude over the tuning range. Other factors will be discussed 
in Sect. 9 of this chapter. 

Design procedures such as those used for class " C " power oscillators in trans- 
mitters are not carried out in detail for receiver oscillators, although obviously the 
basic principles are the same in both cases ; this will receive further consideration in 
Sect 9. 
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SECTION 2 : TYPES OF OSCILLATOR CIRCUITS 

(*) Tuned-plate («) Tuned-grid (tit) Hartley (iv) Colpitis (v) Electron- 
coupled (w) Negative transconductance oscillators. 

(i) Tuned-plate oscillator 

Fig. 24.2 shows three arrangements for the tuned plate oscillator. Circuits (A) 
and (B) use series feed, and circuit (C) uses shunt feed. Circuit (B) is the usual 
practical arrangement of (A) ; P is a padding and C a blocking capacitor. 

The shunt feed circuit (C) is generally preferred in receivers for the following 
reasons : 

(1) The rotor plates of the tuning capacitor can be direcdy earthed without using 
additional series blocking capacitors directly in the tuned circuit. 

(2) The resistor R ± can often be selected to assist in maintaining a constant ampli- 
tude of oscillation over the tuning range, since it will give greater damping of the 
tuned circuit as the frequency increases. 

Either arrangement of the grid-leak resistor (R g ) shown in circuits (B) and (C) is 
satisfactory, but in circuit (C) it gives increased damping on the feedback winding 
(Lf) which may be advantageous in maintaining constant grid voltage amplitude over 
a range of frequencies. 
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(c) 



TUNED -PLATE OSCILLATOR 



Tight coupling and low values of mutual inductance (M) are helpful in maintaining 
frequency stability with mains voltage variations, as these factors tend to make the 
circuit relatively independent of valve constants other than interelectrode capacitances 
(see Ref. 21). L f is made as small as possible, to reduce M, and also to keep its 
natural resonant frequency well above the tuning range ; this latter factor means 
that stray capacitance across the feedback winding must be kept as small as possible. 
The high natural resonant frequency for the feedback circuit is helpful in reducing 
variations in the tuned circuit (due to reflected impedance), this being particularly 
important since it reduces tracking error and limitations on the maximum possible 
tuning range. 

The resonant frequency (/) of the tuned-plate oscillator is given approximately by 



/ = 



'\A 



R 

+ r" 



(5) 



where L = inductance in tuned circuit 

G = capacitance in tuned circuit (this stricdy includes any additional stray 
capacitances shunted across G, e.g. in circuit (C) some capacitive re- 
actance due to C would be present, depending on the value of R and 
the frequency of operation) 
R = total series r-f resistance in tuned circuit [including in circuit (C) the 
equivalent series resistance due to C and R ± being shunted across the 
circuit] 
r P = plate resistance of valve 
and /„ = natural resonant frequency of tuned circuit alone. 
For our purposes it is sufficiently close to take 

'-'•-zh- (6) 

where G is the actual capacitance (including trimmers, padders etc.) tuning L . 
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The important point to observe is that other components, including the valve, 
affect the frequency of oscillation. As these components are capable of variation with 
voltage or temperature fluctuations they will affect oscillator stability, and their effects 
should be minimized as far as possible. Some improvement in stability is possible 
by making the grid current small, which agrees with the condition of a low value for 
Lp but this is also governed by the permissible value of the grid resistor (R g ). 

The condition for the maintenance of oscillation is given by 
fL GR1 

where L , G and R have the same meanings as previously, 

M = mutual inductance = k\ZL f L (in the absence of additional capacitance 
coupling) 
k = coefficient of coupling 
p. = amplification factor of valve 
and g m = mutual conductance of valve. 

The negative sign for M indicates that oscillation will only occur for one connection 
of the feedback winding. 

A suitable factor of merit for an oscillator valve is the product ug m , which should 
be as high as possible. This is also a suitable factor for power output valves, and 
explains why types such as the 6V6 beam power valve work well in feedback oscillator 
circuits. 

The advantages claimed for the tuned-plate oscillator are its relative freedom from 
frequency changes due to mains voltage variations and, when the circuit is used with 
converter valves, freedom from signal-grid bias voltage changes. 

The tuned plate oscillator in its standard form is not very satisfactory for use at 
frequencies above about 50 Mc/s. 

(ii) The tuned-grid oscillator 

The general circuit arrangement for a tuned-grid oscillator is shown in Fig. 24.3. 
Much of the general discussion given in connection with the tuned-plate oscillator 
is applicable to this circuit. 

The tuned-grid oscillator is probably the most 
widely used in receivers for the standard long-, 
medium- and short-wave bands. One of its 
features is the ease with which oscillation can be 
obtained. The arrangement of the components 
offers little difficulty, and one particular ad- 
vantage is that the tuned circuit is completely 
fic.24 a tuned-grid oscillator isolated from the plate supply voltage. 

The approximate frequency of oscillation (/) for this circuit is given by 

f - f> 

where /„ = \j2-rr\J L G = natural resonant frequency of tuned circuit 
L = tuned circuit inductance 
r v = plate resistance of valve 
L f = feedback winding inductance 
R = series r-f resistance (total) in tuned circuit 
and G = total tuning capacitance. 

The minimum value of M required to maintain oscillation is given approximately by 
f L t A GR1 
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where A =■ LfR/L^j, 

P = amplification factor of valve 
g m = mutual conductance of valve 
r v — plate resistance of valve 
and Lp R and G are as previously. 

If r P is large and R is small, frequency variation from the natural resonant frequency 
is reduced, as can be seen from an examination of the equation. Also, as a point of 
interest, it is seen that /is less than/ for the tuned-grid oscillator, and greater than/ 
for the tuned-plate circuit ', so that the tuned circuit acts as an inductive reactance 
(neglecting resistance effects) in the first case, and as a capacitive reactance for the 
tuned-plate oscillator. These points are further discussed in Ref. 5. The useful 
upper frequency limit for the tuned-grid circuit is about 50 Mc/s, as the value of the 
feedback-winding inductance and the resonant frequency of the feedback circuit 
become troublesome. This applies also to the tuned-plate arrangement. 

(iii) Hartley oscillator 

Fig. 24.4 shows two possible arrangements for the Hartley oscillator circuit. The 
circuit (A) is the conventional series-fed circuit, but is not very convenient for use in 
radio receivers for several reasons. 

(1) The tuning capacitor G cannot be earthed without using blocking capacitors. 

(2) The presence of blocking capacitors presents tracking difficulties. 

(3) The coil L has H.T. applied which may be awkward when making adjust- 
ments, particularly during developmental work. 

(4) Untracked stray capacitances are likely to be high. 

The alternative arrangement of Fig. 24.4 (B) is the circuit most commonly employed 
in receivers. The tuned circuit is connected direcdy to ground. This arrangement 
avoids the difficulties of circuit (A) j furthermore it is particularly convenient for use 
with converter valves of the 6SA7, 6BE6 pentagrid type. 




The angular frequency of oscillation for the Hartley circuit of Fig. 24.4(A) (see 
Ref. 5) is given approximately by 

a> = w Vl + RJr 9 (10) 

co = 2n x /o (/o is natural resonant frequency of tuned circuit) 

R t = r-f resistance of L x 

r„ = plate resistance of valve 



where 



L = oscillator coil inductance (= L x + L 2 
and G = tuning capacitance. 
For the maintenance of oscillation 

L x + M Gr p (R 1 + R 2 )L 

V- = ~r — ; — T7 + 



+ 2M) 



(ID 



L 2 + M ' (L x + MXL 2 + M) 
where /x = amplification factor of valve. 

L t and L 2 are the two sections of L coupled by mutual inductance 
M and R t and R 2 are the r-f resistances of L t and L 2 respectively. 

The frequency equation shows that the oscillation frequency / is higher than /„, 
and to reduce this difference r„ should be high and R t small. Also, for the circuit 
to oscillate readily, the mutual conductance of the valve should be high. 

A Hartley oscillator offers advantages over the tuned-plate and tuned-grid circuits 
at frequencies in excess of about 40 Mc/s, the greatest advantage being that the feed- 
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back winding, being a part of the tuned circuit, does not offer the same difficulties 
as the other cases, in which the natural resonant frequency approaches the operating 
frequency. 

In the case of the other two types of oscillators mentioned, if the feedback winding 
has greater inductance than the tuned winding, the oscillator can easily change over 
from one type to the other (i.e. tuned-plate becomes tuned-grid and vice-versa) and 
satisfactory tuning is obviously impossible. This trouble is not as unlikely as may be 
thought since it is often very difficult to obtain sufficient amplitude of oscillation as 
the frequency increases. 

The Hartley circuit can be made to give satisfactory operation to frequencies at 
least as high as 150 Mc/s, even with multi-grid converter valves (depending, of course, 
on the valve type used), but its chief disadvantages are 

(1) Its liability to parasitic oscillations as the frequency increases, 

(2) The possibility of the circuit acting like a modified Colpitts oscillator because 
of stray and valve interelectrode capacitances, 

(3) That it is rather awkward to find the optimum tapping point for the best con- 
ditions of oscillation, particularly when the frequency becomes fairly high. 
This is particularly so with valve types such as the 6BE6 on the F-M broadcast 
band since the tapping point on the oscillator coil has a large effect on conversion 
gain. 

(1) and (2) generally manifest themselves as sudden changes in oscillation frequency 
when tuning over the working range, or as " dead " spots, or through the oscillator 
stopping altogether when the gang capacitance becomes less than a certain value. 

It may be mentioned finally that the Hartley circuit has been extensively used on 
all broadcast bands including the F-M 88-108 Mc/s band ; its application in re- 
ceivers has been largely confined to use with pentagrid converters such as types 6SA7, 
6BE6, 6SB7-Y and 6BA7. 

(iv) Colpitts oscillator 

A circuit for a shunt fed Colpitts oscillator is shown in Fig. 24.5(A). A suitable 
arrangement (Ref . 9) for use in radio receivers operating at frequencies of the order 
of 100 Mc/s is that of Fig. 24.5(B). In this latter circuit C B is the self-capacitance 
(plus added capacitance if required) of the choke L in the cathode circuit, and C A 
is the grid-to-cathode capacitance ; L is the oscillator coil inductance and G the 
variable tuning capacitor. The cathode impedance can readily be controlled by 
connecting a variable trimmer across L. 




COLPITTS OSCILLATOR 




The circuit of Fig. 24.5(B) has been successfully used with type 6BE6 converters 
tuning the 88-108 Mc/s F-M broadcast band and avoids the necessity for tapping the 
oscillator coil as in die Hartley circuit. 

The angular frequency of oscillation of the Colpitts oscillator, from the solution 
of the circuit of Fig. 24.5(A), is given by 



The condition for oscillation maintenance is that 



= c- + 



u 



(12) 



(13) 
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where <o = 2v x /„ (/ is the natural resonant frequency of the tuned circuit alone) 
R = r-f resistance of L 
r p = plate resistance of valve 
P = amplification factor of valve 
L = oscillator coil inductance 
and C ± and C 2 tune L ; they also form a capacitive voltage divider across L ; and 
the excitation voltage on the grid is proportional to CJiCx + C 2 ). 

This circuit is most convenient for use at v-h-f, it is very easy to make oscillate, 
and is not so liable to parasitic oscillations as the Hartley circuit. Its use on the 
medium and short-wave bands has been rather limited because of difficulties in circuit 
arrangement when covering frequency bands of about 3 : 1, and also because of the 
very simple and satisfactory manner in which the tuned-grid and tuned-plate circuits 
can be made to operate over these ranges. The Colpitts circuit readily lends itself 
to inductance tuning and- with this arrangment has been used satisfactorily on all 
of the frequency ranges encountered in normal broadcast receiver design. 

(v) Electron-coupled oscillator 

Electron-coupled oscillators (Refs. 1, 22) can use a large variety of fundamental 
circuits, such as the Hartley or Colpitts, for generating oscillations. The circuit 
usually employs a tetrode or pentode valve, or, most often in receivers, is used with a 
pentagrid converter. Valves having suppressor grids will generally give better fre- 
quency stability. 

The fundamental principle is that the actual oscillating circuit is connected to the 
load circuit only by means of the electron stream within the valve. In this way changes 
in load conditions and high tension voltages have a reduced effect on the actual fre- 
quency of oscillation. The improvement in frequency stability with voltage varia- 
tions appears to be closely bound up with compensating effects due to simultaneous 
voltage changes on the plate and screen. Variation in load conditions would, ideally, 
leave the oscillation frequency unchanged since the two circuits are only connected 
unilaterally through the electron stream. Actually, of course, interelectrode capacit- 
ances and stray coupling prevent this condition from being completely fulfilled. 

Those pentagrid converters which com- 
monly use the Hartley oscillator circuit 
arrangement are typical examples of the 
application of electron-coupling. One such 
arrangement is shown in Fig. 24.6. It is 
often advantageous in this type of circuit to 
connect the screen to the rectifier output 
through R as this reduces " flutter " ; the 

fig.24-6 pentagrid converter using electron- high tension for the plate is obtained from 
coupled hartley osc.llator th e power supply in the usual manner. 

With this latter arrangement C 2 generally consists of an electrolytic capacitor and a 

mica capacitor (to act as a r-f by-pass) connected in parallel. 

(vi) Negative transconductance oscillators 

Several types of negative transconductance oscillators have been suggested using 
r-f pentode valves. These circuits have a negative bias on the suppressor grid and 
rely for their operation on the fact that, over a particular range of negative voltage on 
this grid, the suppressor-screen transconductance is negative. With suitable operating 
conditions a positive increment in the negative suppressor grid voltage will allow the 
plate current to increase and the screen current to decrease even when the screen 
voltage is increased ; the changes in screen and suppressor voltage being approxi- 
mately equal. The screen and suppressor are coupled together by means of a capaci- 
tor, and the tuned circuit is connected in a suitable manner between plate and screen. 
Detailed descriptions of this type of oscillator can be found in Refs. 7 and 23. Cir- 
cuits using this arrangement with pentode valves are not very convenient since the 
negative transconductance is only of the order of —250 micromhos. 
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Since this oscillator is a two terminal type it is often a very convenient arrangement ; 
one particular example is its use as a beat-frequency oscillator in a radio receiver. A 
particular form of the negative transconductance oscillator (Ref. 13) — which employs, 
also, the principle of electron coupling— using a pentagrid converter valve (e.g. type 
6A8, but not 6SA7, 6BE6 etc.) is shown in Fig. 24.7. The negative transconductance 
is brought about arfollows. Electrons moving towards the plate are turned back to 
the inner screen (G 3 ) and the oscillator anode (G 2 ) when the control grid (G 4 ) has a 
more negative voltage applied to it. The net effect of an increase of negative voltage 
on the signal grid is to increase the current to the oscillator-anode and to grid G 3 . 




2QP0OA. 

B+ 350V 
FIC.24-7 NEGATIVE TRANSCONDUCTANCE OSCILLATOR 

Any increase in the current to G 3 is practically offset by a decrease in the current 
to G 5 , the outer part of the screen grid, and the result is that the screen current re- 
mains fairly constant for wide variations in signal-grid voltage. The variation in 
oscillator-anode current, however, is equivalent to a negative transconductance be- 
tween the control grid (G 4 ) and the oscillator-anode (G 2 ). In type 6A8 this amounts 
to about —400 micromhos. Because of this negative transconductance it is possible 
to create an oscillatory condition by coupling G 4 to G 2 , provided that the rest of the 
circuit is suitably arranged. 

The circuit of Fig. 24.7 has been used at frequencies up to 18 Mc/s. It has also 
been employed in several types of communications receivers (having intermediate 
frequencies of from 255 Kc/s to 3 Mc/s) as a beat-frequency oscillator and has given 
very good results as regards stability of operation, particularly when temperature 
compensation has been applied to the tuned circuit. 

It is near enough, for practical purposes, to take the frequency of oscillation as being 

/o = l/(2,rVZ^Cy (14) 



SECTION 3 : CLASS A, B AND C OSCILLATORS 

An oscillator can be made to work under a variety of conditions. The impulses 
applied to the tuned circuit, to maintain oscillation, can be such that the valve plate 
current may be flowing from something less than 180° of the electrical cycle to almost 
the full 360°. Depending on the period for which the impulses are applied, the 
oscillator may be classified as Class A, B or C. 

High quality laboratory oscillators often use the Class A condition, while high power 
oscillators, such as those sometimes used in transmitters (where efficiency might 
occasionally be more important than obtaining an output voltage relatively free from 
harmonics) might possibly use Class C operation ; of course even in high power 
transmitters a master oscillator is the usual arrangement and efficiency is not an 
important factor in its operation. Oscillators in superheterodyne receivers do not 
need to have very high efficiency, but the output must be relatively free from har- 
monics if whistle interference is not to be a serious problem ; this generally leads to 
something approaching Class B operation (Ref. 5). 

It should be noted that, for aii usuai operating conditions, grid current flows for 
at least part of the input voltage cycle. 
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SECTION 4 : CAUSES OF OSCILLATOR FREQUENCY VARIA- 
TION 

(0 General (») Changes in supply voltage (in) Temperature and humidity changes 
(iv) Oscillator harmonics. 

(i) General 

Frequency drift in the oscillator section of superheterodyne receivers (F-M or 
A-M) is important for a number of reasons. The most obvious is that as a result 
of such drift- the actual intermediate frequency output from the frequency changer 
will not be that to which the i-f amplifier is tuned, giving a loss in amplification and 
the added possibility of considerable frequency distortion in A-M receivers, and non- 
linear distortion in F-M receivers. Other special effects will be discussed separately. 

Oscillator frequency variations which can be offset in the original design may be 
due to changes in 

(a) Supply voltage 

(b) Temperature 

(c) Humidity 

(d) A.V.C. bias on the signal grid of multielectrode converter valves. This 
will be discussed in Chapter 25 Sect. 2. 

Also, it should be noted that a high percentage of oscillator harmonics can lead to 
oscillator instability. Mechanical stability of the circuit is a prime requirement. 

Detailed discussion regarding oscillator frequency stability can be found in Refs. 
1, 4, 5, 10, 11, 15, 19, 20, 21 and 28. 

(ii) Changes due to supply voltage 

Some change in oscillator frequency always occurs when there is a change in the 
voltages on the valve electrodes, because of changes in valve " constants." 

For the simple triode oscillator, plate voltage changes may be minimized by using 
a supply voltage having good regulation ; the regulation requirement is often deter- 
mined by the variations in the total current drawn by the complete receiver when the 
signal voltages are changing. This may necessitate a separate voltage supply for the 
oscillator valve, and where extremely high oscillator stability is required a separate 
voltage regulator valve (e.g. OD3/VR150) may be incorporated. A common mani- 
festation of poor regulation of the H.T. is the " flutter " experienced on the short- 
wave bands. 

For screen grid valves the same precautions are taken as for a triode, but often very 
appreciable improvement is possible, with some valve types, by offsetting screen and 
plate current changes one against the other. Although the principle of offsetting 
changes due to various electrodes against each other is of assistance, it should be 
noted that with some converter valves in which voltage changes are additive (e.g. 
6J8-G), better stability is possible than with other valve types (e.g. 6A8, 6K8) in which 
the plate and screen voltage variations are subtractive. Pentagrid converter valves 
of the 6SA7 class are particularly critical as to screen voltage changes and a separate 
screen supply is often essential. 

(iii) Temperature and humidity changes 

After a receiver has been switched on, it is found that the oscillator frequency tends 
to alter for some considerable time, up to say an hour or more. Usually it is found 
that the internal effects of the valve heating up become negligible after a period of 
about ten minutes. The base of the valve is responsible for a certain amount of drift, 
but this can be minimized by the use of high-quality porcelain or micanol bases. 
With the miniature valve types the electrode connections come straight through the 
button stem instead of through a glass pinch, and the temperature variations due to 
the complete valve assembly are kept to an absolute minimum. 

The most serious frequency drift through temperature changes is generally caused 
by capacitance variations due to the heating of the various dielectrics in the circuit. 
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This is minimized by the use of high quality dielectrics such as special grades of por- 
celain. 

Inductance changes due to temperature rise also cause frequency variation, and 
low-loss dielectric formers are essential. If sufficient mechanical stability is possible 
air cored coils are often preferable, but not always. 

Good circuit layout is an essential requirement and all sources of heat should be 
kept away from tuning capacitors and coils. 

When all the requirements as to dielectrics, circuit layout etc. have been met as 
far as is possible, final temperature compensation is made by using capacitors having 
negative temperature coefficients. These capacitors are available commercially in a 
wide range of capacitance values, and with various negative temperature co-efficients. 
The manufacture of this type of capacitor is possible because of the availability of 
ceramic materials having dielectric constants which decrease with an increase in 
temperature*. It should be realized that exact compensation by simple capacitance 
adjustment is only feasible, in general, at one point in a given tuning range, but a very 
appreciable improvement over a band of frequencies is possible without exact com- 
pensation at any one point. A method for obtaining exact compensation at two points 
(although here again a compromise adjustment may be preferable) in a given tuning 
range, using the principles of superheterodyne tracking, has been given by Bushby 
(Ref. 19) ; it is also shown that a compromise adjustment is possible, although exact 
compensation is not practicable, at three points in the tuning range. Methods for 
carrying out long period frequency-drift compensation, due to temperature changes, 
are outlined in Ref. 19. 

Changes in oscillator frequency with humidity can be minimized by using coils, 
capacitors and insulating materials which are properly baked to remove moisture 
and then impregnated (with suitable waxes or varnishes) to prevent the absorption of 
moisture.t 

It may be worth noting here that carbon resistors have negative temperature co- 
efficients. Wire-wound resistors have positive or negative temperature co-efficients 
depending on the type of resistance wire used.J 

(iv) Oscillator harmonics 

There is an effect, supposed to be due to cross modulation between the fundamental 
frequency and its harmonics and between the harmonics themselves, which results 
in the production of currents at the fundamental frequency. These new currents 
may be out of phase with the original current at the fundamental frequency and so 
tend to shift the frequency of oscillation. Most of the evidence regarding this effect 
is experimental and a complete explanation has not been given (see Ref. 1, p. 82). 
However, it does provide an additional reason for having a minimum of oscillator 
excitation. 



♦See also Chapter 4 Sect. 9(ii)f and Chapter 38 Sect. 3(vi). 
tSee Chapter 11 Sect. 7. 
?S«e Chapter 4 Sect. 9(i). 
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SECTION 5: METHODS OF FREQUENCY STABILIZATION 

Some of the causes of oscillator frequency variations have already been discussed, 
and some general methods of reducing the frequency changes have been outlined. 
A large number of methods have been detailed in the literature for obtaining frequency 
stability, such as the use of negative feedback, resistance stabilization and the various 
methods using reactances as given by Llewellyn (Ref. 21). Since this subject is ex- 
tensive, we shall content ourselves here with stating a few of the main factors which 
should be observed when designing an oscillator for a superheterodyne receiver. 
Suitable references are listed at the end of this chapter. 

(A) Mechanical stability of all components and wiring should be as good as 
possible. Care is necessary to avoid mechanical vibration (such as that due to sound 
waves from the loudspeaker). 

(B) Circuit layout should be such that sources of heat (e.g. valves) are kept as 
far away as possible from frequency determining elements. In some cases it may be 
feasible to place the oscillator coil and tuning capacitor under the chassis, with the 
oscillator valve mounted on the top of the chassis. 

(C) For feedback type oscillators, such as tuned-plate and tuned grid circuits, 
the windings should be closely coupled. The feedback winding should be as 
small as possible and stray capacitances across it should be low. 

(D) Grid current should be kept as low as possible consistent with stable opera- 
tion. 

(E) All supply voltages should be as constant as possible. With pentodes it 
may be possible to offset plate and screen current changes. 

{Cj nu uie^ectncs in tuc circuit SuOUiu nave ±ow temperature co< ts anu. »c 

non-hygroscopic. This applies particularly to the valve socket which becomes 
hotter during operation than most other sections of the oscillator circuit. 

(G) Efforts should be made to stabilize the electrical constants of all components 
by suitable heat treatment and impregnation. 

(H) When designing the oscillator and signal circuits it will be found from the 
data on superheterodyne tracking given in Chapter 25 Sect. 3, that there is some choice 
of inductance and capacitance values (due to the distribution of trimming capacitances) 
even though the frequency coverage and type of tuning capacitor are pre-determined 
by other conditions. Where it is permissible, the L/C ratio of the oscillator tuned 
circuit should be arranged so that it is as small as possible. 

(I) The Q of the oscillator tuned circuit should be as large as possible con- 
sistent with other circuit requirements. 

(J) Better stability is possible if the valve can be connected across only part of the 
tuned circuit. Often this is not convenient in radio receivers because of the reduction 
in available oscillator voltage, but considerable improvement in stability is possible 
in those cases where tapping down can be applied. 

(K) When all other precautions have been taken, temperature compensation 
should be carried out, using capacitors having negative temperature co-efficients 
[see Chapter 4 Sect. 9(ii)f also Chapter 38 Sect. 3(vi)]. 

(L) When possible causes of frequency drift are being considered it should not be 
overlooked that valve interelectrode capacitances will change during the initial 
warm-up period. A typical example occurs in the Hartley circuit of Fig. 24.4(B) 
in which the heater-cathode capacitance is directly across part of L ; in this case 
connecting one side of the heater directly to cathode and adding a suitable r-f choke 
in series with the other heater lead will minimize the trouble. This arrangement 
is also helpful in reducing microphonics caused by heater-cathode capacitance varia- 
tions. 

(M) Judicious location of negative temperature co-efficient capacitors is 
helpful. For example if part of the compensating capacitance is located at the valve 
socket terminals, short-time drift due to the valve and socket warm-up period can often 
be very appreciably reduced. 
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(N) The values of R G and C G should be selected carefully to avoid " squegging " 
(see Sect. 6). This should be checked with a large number of representative valves 
of the same type. 

(O) Selection of the most suitable valve type has received some discussion in 
previous sections. Usually the choice is rather limited in receiver applications. 

(P) Electron coupling to the load circuit is often helpful, and is used in many 
applications. Most frequency changers employ this principle. 

(Q) Harmonic operation of the oscillator may be advantageous in some cases, 
since better frequency stability is sometimes possible when the fundamental frequency 
of operation is reduced. The disadvantage of this arrangement is the greatly in- 
creased possibility of spurious frequency combination. 

The majority of receivers use the oscillator fundamental frequency, and this fre- 
quency is generally (but not always) higher than the received signal frequency. This 
includes all broadcast bands up to 108 Mc/s. 

(R) Increased spacing between the plates of variable capacitors is helpful 
in obtaining good oscillator stability, as the effects of small variations in the position 
of plates, during operation, is reduced. The opportunity to make use of this occurs, 
for example, with the variable capacitors used in F-M receivers, where the capacitance 
range may be approximately 5-20 puF. In this case it is often possible to use double 
spacing between the plates of the oscillator tuning capacitor. 



SECTION 6 : UNSTABLE OSCILLATION 

Unstable oscillation can be due to a number of causes, some of which have been 
mentioned in Sections 4 and 5. 

Flutter has received some consideration and the cure is generally to use a separate 
series resistor from the power supply to provide the B-f for the oscillator plate (or 
screen in some converters), by-passed by a large capacitor (say an 8 /*F electrolytic). 

Squegging (see Refs. 5 and 8) is caused by excessive oscillator-grid voltage am- 
plitude and incorrect proportioning of the values for the grid resistance and capacit- 
ance. The effect manifests itself as a variation in oscillator output which changes 
at an audio or ultrasonic rate. The only precautions usually required are to select 
suitable values for R g and C g and to adjust the oscillator grid current to the lowest 
suitable value. Most valve manuals suggest that values for C g should lie between 
20 to 100 nfiF depending on the operating frequency. Small values of the product 
RgC g sac called for at the higher frequencies. The effect should be carefully checked 
with several valves of the same type. In some cases " squegging " occurs at the high 
frequency end of the tuning range only, and this often calls for the use of a series grid 
" stopping " resistor, or a parallel resistor shunted across the oscillator tuned circuit ; 
these resistors provide greater damping at the higher frequencies and so serve to equal- 
ize the oscillator grid voltage across the tuning range. 

Other miscellaneous effects which are of interest are : 

(A) Hum causing amplitude or frequency modulation of the local oscillator in a 
receiver. 

In A-M receivers the selectivity of the i-f amplifier can cause the frequency modula- 
tion to give rise to amplitude modulation (superimposed on the desired carrier) and 
the hum, after detection, appears in the receiver output, in addition to the hum due 
to amplitude modulation of the oscillator. With F-M receivers the hum provides 
additional frequency modulation of the carrier. The cure is generally to improve the 
power supply filtering. 

(B) Frequency modulation, at an audio frequency rate, caused by vibration of the 
oscillator tuning capacitor plates, or some other part of the oscillator circuit, by sound 
waves from the loud speaker (often called " microphonics ")• This effect is par- 
ticularly troublesome at the higher carrier frequencies. The natural period of the 
tuning capacitor is important and any method of altering this often provides a cure j 
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this frequency should not coincide with the bass resonant frequency of the loud speaker. 
Often it is necessary to mount the capacitor on rubber and provide flexible leads to 
the dial, etc. 

(C) Microphonics caused by heater-cathode capacitance variations. This effect 
is minimized by connecting one side of the heater directly to cathode, where this is 
possible, and using a r-f choke in the other heater lead to avoid shunting the tuned 
circuit with the heater circuit, e.g. see Fig. 24.6 where the result of omitting a r-f 
choke would be to short out part of the tuning inductance. 

Microphony in superhet. oscillators is covered in Ref. 32. 

SECTION 7 : PARASITIC OSCILLATIONS 

" Parasitic oscillation " is the name given to any undesired oscillation in a circuit. 
Tuned circuits will always have at least one additional resonance point determined 
by the leads and stray capacitances. Usually in radio-frequency circuits these parasitic 
oscillations have very high frequencies, but they become troublesome and lead to 
" dead " spots and large fluctuations in oscillator amplitude if sufficient care is not 
taken with the arrangement of leads and components. Audio frequency circuits 
are also liable to this form of oscillation which in this case is generally apparent as 
distortion. 

The usual cure for these troubles is the use of " stopping " resistors (or neutraliza- 
tion in some converter circuits) in series with one or more of the valve electrodes con- 
cerned. Care is necessary, however, as the presence of the resistors may adversely 
affect the performance of the stage concerned. 

Carelessness in shunting large capacitors with small ones may result in an undesired 
resonance. The leads provide the inductance and the circuit may be series resonant 
in the working range of frequencies. Band-switching in all-wave receivers needs to 
be carried out carefully if an undesired resonance is not to appear in a tuning range. 

For a further discussion of parasitic oscillations the reader is referred to Ref. 8 
(Chapter 12, p. 264) and Ref. 5 (Chapter 6, p. 269). Some useful data are also given 
in Ref. 9, p. 9. 

SECTION 8 : METHODS USED IN PRACTICAL DESIGN 

In the design of oscillator circuits for radio receivers many of the component values 
required are specified by other circuit considerations. This is readily seen from the 
procedure given in Chapter 25 Sect. 3 (in connection with tracking) for determining 
the value of inductance, and the tuning, trimming and padding capacitance values for 
the oscillator circuit. 

In most cases, once a suitable valve has been selected (the choice here is usually 
restricted), details of the required grid-leak resistance, oscillator grid current (which 
in conjunction with R g determines the grid voltage) electrode voltages etc. are directly 
available from the valve data sheets. The type of circuit is usually restricted to the 
tuned-plate, tuned-grid, or the Hartley for frequencies up to about 50 Mc/s and to 
the Hartley and Colpitts for frequencies above this. It is required of the receiver 
designer to reproduce, if possible, the specified operating conditions (although this 
is often a rather tricky job) together with such modifications as he deems necessary. 

For the feedback type of oscillator a.useful " rule of thumb " is to make the number 
of feedback turns about half to one third of the total on the main winding ; correct 
amplitude is obtained by selecting the number of turns to give the required oscillator- 
grid current. The tapping point on Hartley and Colpitts circuits also approximates, 
very roughly, to this rule, which provides a convenient starting point for the necessary 
experimental work. 

With the feedback type of circuit, provided that the coupling between the windings 
is sufficiently high, the number of turns on the feedback winding suggested by the 
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above procedure will usually be somewhat greater than is necessary, and it is only 
necessary to strip off the excess turns until the required conditions are approached. 
Of course, this does not immediately ensure that the circuit will be satisfactory in 
all respects, since the oscillator normally tunes over a band of frequencies. Owing to 
the tolerances permitted in the manufacture of all valve types, it is necessary to check 
the circuit with a number of valves. These, preferably, should include samples which 
fall on the upper and lower limits of the permissible range of g m allowed by the par- 
ticular manufacturer, otherwise satisfactory results may not be obtained in the mass 
production of receivers. 

Where the available operating data are given for voltages somewhat different from 
those required, valve conversion factors (see Chapter 2, Sect. 6j can be applied to 
obtain the new conditions. 

Occasionally a receiver designer is faced with the problem of using a valve for which 
some data are available, but for which conditions for oscillator operation are not given. 
Several procedures are available. Exact or approximate methods of analysis can be 
used, just as for power oscillators (see Refs. 10, 1 1 and 24), but often it is possible to 
arrive at a suitable set of operating conditions on the basis of past experience (or by 
comparison with similar valve types for which the required data are given). The 
only important factor, as far as the use of the valve is concerned, is that the maximum 
ratings — including the peak plate current — should not be exceeded. Other factors 
previously discussed, such as keeping the oscillator grid current as low as possible 
and operating the valve so that harmonic generation is not excessive, suggest that 
conditions more nearly approaching Class B operation are called for, particularly 
as high efficiency with receiving type valves is not often (if ever) a design requirement 
in a radio receiver. 

Once a suitable set of operating conditions has been obtained, experimental tech- 
niques are resorted to, exactly as before. Preliminary calculations other than the 
empirical methods suggested, as to tapping points, number of feedback turns etc., 
can be made if so desired, but the extra trouble involved is hardly worth the effort. 

Methods for calculating the inductance required for feedback windings have been 
suggested (see Ref. 8, page 117) but generally the results give values which are too 
low. For this reason the experimental approach is generally the best procedure since 
it must be resorted to finally, in any case, before a design is completed. 



SECTION 9 : BEAT FREQUENCY OSCILLATORS 

The use of a beat-frequency (or heterodyne) oscillator is called for in the com- 
munications type of receiver j for example when receiving Morse signals from a 
C.w. transmitter. The principles involved are fully explained in the usual text books 
(see Ref. 10, page 446 and Ref. 25, pages 63, 67-70). The output from the local beat 
oscillator is injected at a suitable point in the i-f amplifier, and when the resultant 
voltage is applied to the detector circuit together with the received carrier voltage, one 
of the currents at the detector output has a frequency Which is equal to the differ- 
ence between the frequency of the two applied voltages ; this difference frequency is 
the one heard in the receiver output. 

The amplitude of the local oscillator voltage introduced into the i-f amplifier should 
be sufficiently large so that it is always considerably greater than the voltage, at the 
same point, due to the strongest signal likely to be received. If this condition is not 
observed there will be appreciable loss in signal-to-noise ratio, and so one of the main 
advantages of this method of reception will be lost. Because the amplitude of the 
oscillator voltage should be large, very careful screening is necessary if spurious fre- 
quency responses are to be avoided, or at least be reduced to negligible proportions. 

If locking between the local beat-oscillator and a very strong signal is to be avoided, 



Which can be electron-coupled to the load. The circuit of Fig. 24.7 is a particularly 
useful one for this application, and only requires a single winding for the tuning coil. 
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However, almost any oscillator circuit is suitable. Variation of the beat-frequency 
is best accomplished by variation of the beat-oscillator tuning (say a range of ± 3 
Kc/s) since it should be clear that the best conditions for reception normally occur 
when the receiver is tuned exacdy to the required carrier frequency. 

The a.v.c. should not be operated by the beat oscillator as this would cause a serious 
loss in receiver sensitivity. For this reason a.v.c. is often disconnected when hetero- 
dyne reception of this type is being carried out. 

Some receivers have the beat-oscillator voltage injected directly into the diode 
circuit, but it does not necessarily follow that this is the most suitable point. At the 
detector the incoming carrier voltage has its largest amplitude, and so the beat oscilla- 
tor voltage also has to be correspondingly high. A simple solution which is helpful 
in some cases is to inject the oscillator output voltage into the grid circuit of the last 
i-f amplifier valve, which can be operated with fixed bias to provide constant gain. 

Harmonic operation of the beat oscillator is sometimes helpful in obtaining im- 
proved stability and in reducing undesired interference effects. 

Considerations as to stability of operation are of prime importance, and the factors 
previously discussed should be kept in mind when designing this circuit. 

Useful data on beat oscillator circuits are given in Ref. 8 (page 128), and also in 
Refs. 26 and 27. 
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SECTION 1 : THE OPERATION OF FREQUENCY CONVERTERS 

AND MIXERS 

(i) Introduction (ii) General analysts of operation common to all types (iii) The 
oscillator section of converter tubes (iv) The detailed operation of the modulator or 
mixer section of the converter stage (v) Conclusion (vi) Appendix. 

Reprinted by special permission from the article by E. W. Herold entitled " The 
operation of frequency converters and mixers for superheterodyne reception " in the 
Proceedings of the I.R.E. Vol. 30 No. 2 (February 1942) page 84. 

(i) Introduction 

The better modern radio receivers are almost universally designed to use the super- 
heterodyne circuit. In such. a .circuit*, the received signal frequency is heterodyned 
with the frequency of a local oscillator to produce a difference frequency known as the 
intermediate frequency. The resultant signal is amplified by a selective* fixed- 
tuned amplifier before detection. Since the heterodyne action is usually accomplished 
by means of a suitable vacuum tube, it is the purpose of this paper to discuss the chief 
similarities and differences among the tubes which might be used* as well as to explain 
their behaviour. 

The combination of signal and local-oscillator frequencies to produce an inter- 
mediate frequency is a process of modulation in which one of the applied frequencies 
causes the amplitude of the other to vary. Although this process was originally 
called heterodyne detection and, later, first detection, it is now called frequency con- 
version. The portion of the radio receiver which produces conversion may, therefore, 
be identified as the converter. If conversion is accomplished in a single vacuum tube 
which combines the functions of oscillator and modulator, this tube may logically be 
termed a converter tube. When separate tubes are used for the oscillator and the 
modulator portions of the converter, respectively, the tube for the latter purpose is 
conveniently called a modulator or mixer tube. This terminology will be used in this 
paper. 

Although in some of the earliest superheterodynes, frequency conversion was 
accomplished by a triode oscillator and triode modulator (Ref. 1) other circuits used 
a single triode which served as both modulator and oscillator (Ref. 2). A triode used 
in the latter way could, therefore, be called a converter tube. The introduction of 
two-grid tubes (i.e. tetrodes) permitted a wide variety of modulator and converter 
arrangements which frequently gave superior performance to that possible with 
triodes (Ref. 3-7). 

When indirectly heated cathodes became more common, conversion circuits in 
which the oscillator voltage was injected in the cathode circuit were used. These 

962 
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circuits reduced considerably the interaction between oscillator and signal circuits 
which would otherwise be present. (Ref. 8). When tetrodes and pentodes became 
available, the use of the triode was dropped except as the local oscillator. It was not 
long, however, before the desirability of more complete separation of oscillator and 
signal circuits became evident. Multigrid converter tubes were, therefore, devised 
to permit this separation in a satisfactory manner, at least for the frequencies then 
in common use. (Refs. 9-14). In some of these it was also possible to control the 
conversion gain by an automatic-volume-control voltage, a decided advantage. The 
most satisfactory of the earlier multigrid tubes was known as the pentagrid converter, 
a type still widely used. A similar tube having an additional suppressor grid is used 
in Europe and is known as the octode. 

When it became desirable to add high-frequency bands to superheterodyne receivers 
which also had to cover the low broadcast frequencies, the converter problem became 
more difficult. The highest practicable intermediate frequency appeared to be about 
450 to 460 kilocycles, a value which was only about 2 per cent of the highest frequency 
to be received. Its use meant that the oscillator frequency was separated from the 
signal frequency by only 2 per cent and the signal circuit, therefore, offered appreci- 
able impedance at the oscillator frequency. A phenomenon known as " space- 
charge coupling," found in the pentagrid converter, indicated that signal and oscillator 
circuits were not separated as completely as would be desirable. (Ref. 15). In ad- 
dition, the permissible frequency variations of the oscillator had to be held to less 
than the intermediate-frequency bandwidth, namely, 5 to 10 kilocycles ; at the highest 
frequency to be received, the oscillator frequency was required therefore to remain 
stable within 0.05 per cent. In the pentagrid converter, the most serious change in 
oscillator frequency occurred when the automatic-volume-control voltage was changed, 
and was sometimes as much as 50 kilocycles. Economic considerations have led to 
the use of at least a three-to-one frequency coverage for each band in the receiver. 
With capacitance tuning, the circuit impedance is very low at the low-frequency end 
of the high-frequency band so that failure to oscillate was occasionally observed in 
the pentagrid converter. 

In Europe, where converter problems were similar, a tube known as the triode- 
hexode (Ref. 16) was developed to overcome some of the disadvantages of the pentagrid 
converter. In the pentagrid tube, the oscillator voltage is generated by, and therefore 
applied to, the electrodes of the assembly closest to the cathode (i.e., the inner elec- 
trodes). In the European form of triode-hexode, the oscillator voltage is generated by 
a separate small triode section mounted on a cathode common to a hexode-modulator 
section. The triode grid is connected internally to the third grid of the hexode 
section. In this way, by the application of the oscillator voltage to an outer grid and 
the signal to the inner grid of the modulator, space-charge coupling was greatly re- 
duced and automatic-volume-control voltage could be applied to the modulator section 
of the tube without seriously changing the oscillator frequency. In some European 
types, a suppressor grid has been added so that such tubes should be called triode- 
heptodes. 

The first American commercial development to provide improved performance 
over that of the pentagrid converter also utilized oscillator voltage injection on an 
outer grid but required a separate tube for oscillator (Ref. 17). This development, 
therefore, resulted in a modulator or mixer tube rather than a converter. There were 
many advantages accompanying the use of separate oscillator tube so that such a 
solution of the problem appeared to be reasonably satisfactory. 

The demand arose shortly, however, for a one-tube converter system with better 
performance than the original pentagrid type for use in the standard all-wave receiver. 
A tube, the 6K8, in which one side of a rectangular cathode was used for the oscillator 
and the other side was used for the mixer section, was developed and made available. 
(Ref. 18). This tube used inner-grid oscillator injection, as with the pentagrid con- 
verter, but had greatly improved oscillator stability. Another solution, also intro- 
duced in the United States, was a triode-heptode which is an adaptation of the Euro- 
pean triode-hexode. This type used outer-grid injection of the oscillator voltage 
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generated by a small auxiliary triode oscillator section. A recent converter (the 
SA7 type) for broadcast use is designed to operate with oscillator voltage on both 
cathode and first-grid electrodes. (Ref. 19). This tube, in addition to having ex- 
cellent performance, requires one less connecting terminal than previous converter 
tubes. 

This paper will present an integrated picture of the operation of converter and 
modulator tubes. It will be shown that the general principles of modulating or 
mixing by placing the signal on one grid and the oscillator voltage on another, or by 
placing both voltages on the same grid, are the same for all types of tubes. The 
differences in performance among the various types particularly at high frequencies 
are due to a number of important secondary effects. In this paper, some of the effects 
such as signal-grid current at high frequencies, input impedance, space-charge coup- 
ling, feedback through interelectrode capacitances, and oscillator-frequency shift 
will be discussed. 

(ii) General analysis of operation common to all types 
A. Conversion transconductance of modulator or mixer tubes 

The basic characteristic of the converter stage is its conversion transconductance, 
i.e., the quotient of the intermediate-frequency output current to the signal input 
voltage. The conversion transconductance is easily obtained by considering the 
modulation of the local-oscillator frequency by the signal in the tube and, as shown 
in another paper (Ref. 17) is determined by the transconductance of the signal elec- 
trode to the output electrode. The general analysis of a modulator, or mixer tube, 
is applicable to all mixers no matter how or on what electrodes the oscillator and 
signal voltages are introduced. 

Under the assumption that the signal voltage is very small and the local oscillator 
voltage large, the signal-electrode transconductance may be considered as a function 
of the oscillator voltage only. The signal-electrode-to-plate transconductance g m 
may, therefore, be considered as periodically varying at the oscillator frequency 
Such a periodic variation may be written as a Fourier series 

gm — o + a t cos co t + a 2 cos 2w r + . . . 
where *o is the angular frequency of the local oscillator. Use of the cosine series 
implies that the transconductance is a single-valued function of the oscillator elec- 
trode voltage which varies as cos w f. When a small signal, e, sin «,f, is applied 
to the tube, the resulting alternating plate current to the first order in e, may be 
written 

ij> = gnfii sin o} t t 

00 

= a e„ sin w s t + e, £ a n sin w,t cos ncn Q t 
n = 1 



oo 
a e, sin w s t + \e 3 U a n sin (a> g + n<u )t 
n = 1 



oo 
+ \e, E a„ sin (a>, — nw )t. 
n = 1 

If a circuit tuned to the frequency (a, — «w ) is inserted in the plate, the modulator 
tube converts the incoming signal frequency w,toa useful output at an anguiar fre- 
quency (at, — wa> ) which is called the intermediate frequency. Since n is an in- 
teger, it is evident that the intermediate frequency, in general, may be chosen to be 
the difference between the signal frequency and any integral multiple of the local- 
oscillator frequency j this is true even though a pure sine-wave local oscillation is 
applied to the tube. The harmonics of the local-oscillator frequency need only be 
present in the time variation of the signal-electrode transconductance. The ordinary 
conversion transconductance is simply a special case when n = 1. The conversion 
transconductance at the nth harmonic of the local oscillator is given by 
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Substituting the value of the Fourier coefficient a n it is found that 
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g m COS na> td(a> t). 



When n is set equal to unity, this expression becomes identical with the one previously 
derived. (Ref. 17). 

Thus, the conversion transconductance is obtained by a simple Fourier analysis of 
the signal-electrode-to-output-electrode transconductance as a function of time. 



Fig. 25.1. Signal - electrode 
transconductance versus oscil- 
lator-electrode voltage for a 
typical mixer tube. The 
applied oscillator voltage is 
shown at A and B is the 
resulting time variation of 
transconductance. 
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Such an analysis is readily made from the tube characteristics direcdy by examination 
of the curve of signal-electrode transconductance versus oscillator-electrode voltage. 
The calculation of the conversion transconductance at the nth harmonic of the os- 
cillator is made from this curve by assuming an applied oscillator voltage and making 
a Fourier analysis of the resulting curve of transconductance versus time for its nth 
harmonic component. The analysis is exactly similar to the one made of power 
output tubes, except that, in the latter case, the plate-current-versus-control-electrode- 
voltage curve is used. Fig. 25.1 shows a curve of signal-grid transconductance 
versus oscillator-electrode voltage for a typical modulator or mixer tube. In the 
usual case, the oscillator voltage is applied from a tuned circuit and so is closely 
sinusoidal in shape as at A in the figure. The resulting curve of transconductance 
versus time is shown at B. Any of the usual Fourier analysis methods may be used 
to determine the desired component of curve B. Half of this value is the conversion 
transconductance at the harmonic considered. Convenient formulas of sufficient 
accuracy for many purposes follow. Referring to Fig. 25.2a, a sine-wave oscillator 
voltage is assumed and a seven-point analysis is made (i.e., 30-degree intervals). 
The conversion transconductances g cn are 

\l(gi ~ gi) + C? 5 - £ 3 ) + 1.73 ( ff , - g 2 )} 



gel 



get 



12 L 

F2 [2 ^ 
1 



+ Kgs + g 5 



~ (£7 + £l)] 



geS = y^igt - gl) - 2(ft - £3)]. 



The values g 1} g 2 , etc., are chosen from the transconductance characteristic as in- 
dicated in Fig. 25.2a. The values computed from the above formulas are, of course, 
most accurate for g cl and of less accuracy for g c2 while a value computed from the 
formula for g c3 is a very rough approximation. 
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. 1 OSCILLATOR GRID VOLTS 
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Simple inspection of the formula for g n , 
the conversion transconductance used for 
conversion at the fundamental, is somewhat 
instructive. It is evident that highest 
conversion transconductance, barring ne- 
gative values, as given by this formula, 
occurs when g 1} g 2 and ^ 3 are all equal to 
zero, and g 5 , g e , and g 7 are high. These 
requirements mean that sufficient oscillator 
voltage should be applied at the proper 
point to cut off the transconductance over 
slightly less than the cycle as pictured in 
Fig. 25.2b. For small oscillator voltages 
optimum operation requires the differ- 
ences (g 7 - gj) 3 (g 6 - g 3 ) and (g 6 - g 2 ) to 
be as large as possible ; this is equivalent 
to operation at the point of maximum slope. 
It should be noted that the minimum peak 
oscillator voltage required for good opera- 
tion is approximately equal to one half 
the difference between the oscillator-elec- 
trode voltage needed for maximum signal- 
grid transconductance and that needed to 
cut off this transconductance. Thus, 
inspection of the curve of transconductance 
versus oscillator-electrode voltage gives 
both a measure of the fundamental conver- 
sion transconductance which will be ob- 
tained and the amount of oscillator excita- 
tion required. Conversion at a harmonic, 
in general, requires considerably greater 
oscillator excitation for maximum conver- 
sion transconductance. 



In practical cases using grid-controlled 
tubes of the usual kind, the maximum 
fundamental conversion transconductance 
which a given tube will give can quickly 
be determined within 10 per cent or so by 
simply taking 28 per cent of the maximum 
signal - grid - to - plate transconductance 
which can be attained. For conversion at 
second harmonic, optimum oscillator excitation gives a conversion transconductance 
of half this value, while for third-harmonic conversion the value is divided by three. 

Although the same characteristic of all modulator or mixer tubes is used to determine 
the conversion transconductance, the shape of this characteristic varies between 
different types of mixers. This variation will be more clearly brought out in the later 
sections of the paper. 

B. Conversion transconductance of converter tubes 

In converter tubes with oscillator sections of the usual kind, the oscillator voltage 
is usually present on more than one electrode. Furthermore, the phase of the os- 
cillator-control-grid voltage is opposite to that of the oscillator-anode alternating 
voltage, so that the two would be expected partially to demodulate each other. The 
transconductance curve which should be used in this case is the one in which the 
oscillator electrode voltages are simultaneously varied in opposite directions. 

Fortunately, with most of the commonly used converter tubes such as the pentagrid, 
octode, triode-hexode, etc., the effect of small variations of oscillator-anode voltage 




FIG. 25.2 

Fig. 25.2a. Points used for 30-degree 
analysis of conversion transconductance. 
Fig. 25.2b. Oscillator amplitude and 
bias adjusted for high conversion trans- 
conductance at oscillator fundamental, 
*•*■> gi= gz= gz = 0. 
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on the electrode currents is so small that usually it may be neglected. Thus, the 
conversion transconductance of these converter tubes may be found exactly as if the 
tube were a modulator or mixer, only. 

With the circuit of Fig. 25.3 (Refs. 19-21) a Hartley oscillator arrangement is used 
and oscillator-frequency voltage is present on the cathode. The effect of such a 
voltage is also to demodulate the electron stream through the action of the alternating 
cathode potential on the screen-to-cathode and signal-grid-to-cathode voltages. 
When a relatively high-transconductance signal grid is present, as in the figure, this 
demodulation is considerably greater than in the normal cathode-at-ground circuit. 



I.F. OUTPUT 




In order to determine the conversion 
transconductance of a tube to be used in 
this circuit, a signal-grid transconduct- 
ance curve is needed. Such a curve, 
however, must be taken with cathode 
and oscillator-grid potential varied 
simultaneously and in their correct ratio 
as determined by the ratio of cathode 
turns to total turns of the coil which 
FIG,2S ' 3 is to be used. However, because the 

Fig. 25.3. Converter circuit with oscillator conversion transconductance is approxi- 
voltageon both grid No. 1 and cathode. mately proportional to the peak value 

of signal-grid transconductance, it is often sufficiently accurate to disregard the alter- 
nating-current variation of cathode potential and simply shift the signal-grid in the 
negative direction by the peak value of the alternating cathode voltage. If the result- 
ing signal-grid-transconductance-versus-oscillator-grid-voltage curve is used for an 
analysis of conversion transconductance, the data obtained will not be far different 
from the actual values obtained in the circuit of Fig. 25.3 where normal (unshifted) 
signal-grid bias values are used. 

C. Fluctuation noise 

The fluctuation noise of a converter stage is frequently of considerable importance 
in determining the over-all noise. The magnitude of the fluctuation noise in the out- 
put of a converter or mixer tube may be found either by direct measurement using 
a known substitution noise source such as a saturated diode or by making use of the 
noise of the same tube used as an amplifier and finding the average mean-squared 
noise over an oscillator cycle. (Refs. 22, 23). Since these methods give values 
which are substantially in accord, and since the noise of many of the usual tube types 
under amplifier conditions is readily derived from theory (Ref. 24), the latter pro- 
cedure is convenient. Thus, if i pn 2 is the mean-squared noise current in the output 
of the converter or mixer tube considered as an amplifier (i.e. steady direct voltages 
applied) the mean-squared intermediate-frequency noise is 
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or the average of i VK 2 over an oscillator cycle. The values of i vn z obtained from 
theory require a knowledge of the currents and transconductance of the tube and 
are usually proportional to these quantities. Thus, the converter-stage output noise, 
which is the average of i Pn 2 over the oscillator cycle, is usually proportional to the aver- 
age electrode currents and average transconductance when the oscillator is applied. 
Specific examples will be given in following sections of this paper treating typical 
modes of converter operation. 

Tube noise is conveniently treated by use of an equivalent grid-noise-resistance 
concept whereby the tube noise is referred to the signal grid. The equivalent noise 
resistance of a converter or mixer tube is 
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where k = 1.37 x 10~ 23 , T R is room temperature in degrees Kelvin, and Af is the 
effect ive o ver-all bandwidth for noise purposes. Since Af is invariably associated 
with i^f 2 , the bandwidth cancels in the determination of R eq which is one of the 
advantages of the equivalent-resistance concept. For T R = 20 degrees centigrade, 

R ev = 0.625 x 10 20 -^~ 

gen Af 

A summary of values of R „ q for common types of converter will be found in a pre- 
ceding paper. (Ref 23). 

The equivalent noise resistance R e q alone does not tell the entire story as 
regards signal-to-noise ratio, particularly at high frequencies. For example, if the 
converter stage is the first stage of a receiver, and bandwidth is not a consideration, 
the signal energy which must be supplied by the antenna to drive it will be inversely 
proportional to the converter-stage input resistance. On the other hand, the noise 
energy of the converter or mixer tube is proportional to its equivalent noise resistance. 
The signal-to-noise ratio therefore, will vary with the ratio of input resistance to 
equivalent noise resistance, and this quantity should be as high as possible. When 
bandwidth is important, the input resistance should be replaced by the reciprocal 
of the input capacitance if it is desired to compare various converter systems for signal- 
to-noise ratio. 

(iii) The oscillator section of converter tubes 

The oscillator section of converters is often required to maintain oscillation over 
frequency ranges greater than three to one for circuits using capacitance tuning. 
Although this requirement is easily met at the lower broadcast frequencies, the effect 
of lower circuit impedances, transit-time phenomena in the tube, and high lead re- 
actances combine to make the short-wave band a difficult oscillator problem. Ability 
to oscillate has, in the past, been measured by the oscillator transconductance at 
normal oscillator-anode voltage and zero bias on the oscillator grid. Recent data 
have shown that, in the case of pentagrid and some octode converters, an additional 
factor which must be considered is the phase shift of oscillator transconductance 
(i.e. transadmittance) due to transit-time effects*. (Ref. 26). 

The ability of a converter to operate satisfactorily at high frequencies depends 
largely on the undesirable oscillator frequency variations produced when electrode 
voltages are altered. The frequency changes are mainly caused by the dependence 
on electrode voltages of oscillator-electrode capacitances, oscillator transconductance, 
and transit-time effects. There are many other causes of somewhat lesser import- 
ance. Because of the complex nature of the problem no satisfactory quantitative 
analysis is possible. In the case of the pentagrid and the earlier forms of octode 
converters there are indications that the larger part of the observed frequency shift 
is due to a transit-time effect. It is found that the phase of the oscillator trans-admitt- 
ance and, therefore, the magnitude of the susceptive part of this transadmittance 
varies markedly with screen and signal-grid-bias voltages. Since the susceptive 
part of the transadmittance contributes to the total susceptance, the oscillation fre- 
quency is directly affected by any changes. 

(iv) The detailed operation of the modulator or mixer section of 
the converter stage 

This section will be devoted to a consideration of the modulator or mixer portion 
of the converter stage. This portion may be either a separate mixer tube or the 
modulator portion of a converter tube. Since with most of the widely used con- 
verter tubes in the more conventional circuits the alternating oscillator-anode voltage 
has a negligible effect on the operation of the modulator portion, only the effect of 
oscillator control grid need be considered. Thus the analysis of the operation of 
most converter tubes is substantially the same as the analysis of the same tubes used 
as a mixer or modulator only, just as in the treatment of conversion transconductance. 

•M. J. O. Strutt (see Ref. 26) has published data on this phase shift in octodes. It was measured to 
be as high as 60 degrees at 33 megacycles. 
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There are three methods of operation of mixer or modulator tubes. The oscillator 
voltage may be put on the same grid as the signal voltage, it maybe put on the inner 
grid (the signal applied to an outer grid), or it may be impressed on an outer grid 
(with the signal on the inner grid). Each of these modes of operation has charac- 
teristics which depend on the mode rather than on the tube used in it. Tubes which 
may be used in any one mode differ from one another mainly in the degree in which 
they affect these characteristics. The treatment to follow, therefore, will not neces- 
sarily deal with specific tube types : instead, the phenomenon encountered will be 
illustrated by the use of data taken on one or more typical tubes for each of the modes 
of operation. 

A. Tubes with oscillator and signal voltages applied to same grid 

Typical tubes used for this type of operation are triodes and pentodes. The 
. oscillator voltage may be introduced in series with the signal voltage, coupled to the 
signal input circuit inductively, capacitively, and/or conductively, or h may be 
coupled into the cathode circuit. In all but the last case, by operating below the grid- 
current point, the oscillator circuit is not loaded directly by the mixer tube. When 
cathode injection is used, however, an effective load equal to the mean cathode con- 
ductance (slightly greater than the mean transconductance) is imposed on the oscillator 
circuit. The cathode injection circuit has the advantage that oscillator-frequency 
voltage between the signal input circuit and ground is minimized, thus reducing 
radiation when the converter stage is also the first stage of the receiver. 

A typical transconductance-versus-bias curve 
for a variable- /x radio-frequency pentode is shown 
in Fig. 25.4. The use of the Fourier analysis for 
conversion transconductance at oscillator funda- 
mental indicates that a value of approximately a 
quarter of the peak transconductance can be at- 
tained. Because of the tailing off of the lower 
end of the curve, highest conversion transconduct- 
ance requires a large oscillator swing. Very nearly 
the maximum value is obtained, however, at an op- 
erating bias shown by the dotted line, with an os- 
cillator peak amplitude approximately equal to 
the bias. With lower oscillator amplitudes, and 
the same fixed bias, the fundamental conversion 
transconductance drops in approximate propor- 
tion to the oscillator amplitude 
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Fig. 25.4. Transconductance 

characteristic of a typical variable- 

/i, radio-frequency pentode. 



Strictly speaking, when the cathode injec- 
tion type of operation is used the effect of 
the oscillator voltage which is impressed between screen and cathode, and plate 
and cathode should be considered. Practically, however, there is little difference 
over the simpler circuit in which the oscillator voltage is impressed on the signal grid 
only. It is for this reason that the cathode-injection circuit is placed in the same 
category as those in which the oscillator voltage is actually impressed on the same 
electrode as the signal. 

In a practical circuit the effective oscillator voltage is, of course, the oscillator voltage 
actually existent between grid and cathode of the tube. When the oscillator voltage 
is impressed in series with the signal circuit or on the cathode, this effective voltage 
is different from the applied oscillator voltage by the drop across the signal circuit. 
In the usual case, with the oscillator frequency higher than the signal frequency, the 
signal circuit appears capacitive at oscillator frequency. This capacitance and the 
grid-to-cathode capacitance, being in series, form a capacitance divider and reduce 
the effective oscillator voltage. The reduction would not be a serious matter if it 
remained a constant quantity ; but in receivers which must be tuned over an appreci- 
able frequency range this is not the case. The result is a variation in conversion 
gain over the band. A number of neutralizing circuits have been described in the 
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patent literature which are designed to reduce the oscillator-frequency voltage across 
the signal circuit and thus minimize the variations. (Refs. 27, 28). 

Coupling of the oscillator voltage into, or across, the signal circuit is also accom- 
panied by changes in effective oscillator voltage when the tuning is varied. These 
changes are not so great with pure inductive coupling as with pure capacitance coup- 
ling. In many practical cases, both couplings are present. 

A method of reducing the variation of conversion gain with effective oscillator 
voltage in tubes in which oscillator voltage and signal are "placed on the same grid, 
employs automatic bias. Automatic bias may be obtained either by a cathode self- 
bias resistor (by-passed to radio frequency) or by a high-resistance grid leak, or both. 
An illustration of the improvement which may be obtained in this way is shown in 
Fig. 25.5. Three curves of conversion transconductance, at oscillator fundamental, 
against effective peak oscillator volts are shown for the typical variable- y. pentode of 
Fig. 25.4 used as a mixer. For the curve a, a fixed bias was used at approximately 
an optimum point. The curve is stopped at the grid-current point because operation 
beyond this point is not practicable in a receiver. Curve b shows the same tube 
operated with a cathode self-bias resistor. This curve is also stopped at the grid- 
current point. Curve c shows operation with a high-resistance grid leak. It is 
evident that, above an oscillator voltage of about 3, curve b is somewhat flatter, and c 
is considerably flatter than the fixed-bias curve a. The high-resistance grid lead 
used for c may be made a part of the automatic-volume-control filter but care must 
be taken that its value is considerably higher than the resistance in the automatic- 
volume-control circuit which is common to other tubes in the receiver. If this is 
not done, all the tubes will be biased down with large oscillator swings. When a 
high-resistance leak is used, the automatic-volume-control action does not begin 
in the mixer tube until the automatic-volume-control bias has exceeded the peak 
oscillator voltage. Because of the high resistance of the leak, the signal circuit is 
not loaded appreciably by the mixer tube. In a practical case, precautions must be 
taken that a pentode in the converter stage is not operated at excessive currents when 
accidental failure of the oscillator reduces the bias. A series dropping resistor in the 
screen-grid supply will prevent such overload. When a series screen resistor is 
used, the curve of conversion transconductance versus oscillator voltage is even flatter 
than the best of the curves shown in Fig. 25.5. Series screen operation, therefore, 
is highly desirable (Ref. 23). 

One of the effects of feedback through interelectrode capacitance in vacuum tubes 
is a severe loading of the input circuit when an inductance is present in the cathode 
circuit. Thus, in mixers using cathode injection, the signal circuit is frequently 
heavily damped since the oscillator circuit is inductive at signal frequency in the 
usual case. The feedback occurs through the grid-to-cathode capacitance and can 
be neutralized to some extent by a split cathode coil with a neutralizing capacitance. 
(Ref. 28). Such neutralization also minimizes the voltage drop of oscillator frequency 
across the signal circuit. 

Loading of the signal circuit by feedback from the plate circuit of modulators or 
mixers may also be serious when the signal-grid-to-plate capacitance is appreciable. 
This is especially true when a low capacitance intermediate-frequency circuit, which 
presents a comparatively high capacitive reactance at signal frequency, is used, as in 
wide-band intermediate-frequency circuits. The grid-plate capacitance of radio- 
frequency pentodes is usually small enough so that the effect is negligible in these 
tubes. In triodes, however, feedback from the intermediate-frequency circuit may 
be serious and the grid-plate capacitance should be minimized in tube and circuit 
design. Although neutralization is a possible solution to the plate feedback, a more 
promising solution is the use of a specially designed intermediate-frequency circuit 
which offers a low impedance at signal frequency by the equivalent of series tuning 
and yet causes little or no sacrifice in intermediate-frequency performance. 

At high frequencies,. the converter stage exhibits phenomena not usually observable 
at low frequencies. One group of phenomena is caused not by the high operating 
frequency, per se, but rather by a high ratio of operating frequency to intermediate 
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Fig. 25.5. Conversion transconductance of a typical variable- p, radio-frequency pentode. 
Oscillator and signal voltages both applied to grid No. 1 .a, fixed-bias operation ; b, cathode 
resistor used to obtain bias ; c, bias obtained by means of a high-resistance grid leak. 
Fig. 25.6. Input conductance of a typical variable- p, radio-frequency pentode, at 

60 megacycles. 

frequency (i.e., a small separation between signal and oscillator frequencies). Among 
these phenomena may be listed pull-in and inter-locking between oscillator and signal 
circuits and poor image response. In mixers in which oscillator and signal are im- 
pressed on the same grid, the first of these effects is usually pronounced because of 
the close coupling between the oscillator and signal circuits. It can be reduced by 
special coupling from the local oscillator at an increase in the complexity of the circuit. 
Other phenomena, which are due to the high operating frequency, occur in mixers 
irrespective of the intermediate-frequency. The most important of these are those 
caused by transit-time effects in the tube and by finite inductances and mutual in- 
ductances in the leads to the tube. When the oscillator and signal are impressed 
on the grid of a mixer, the effects are not dissimilar to those in the same tube used 
as an amplifier. So far as the signal is concerned, the operation is similar to that of 
an amplifier whose plate current and transconductance are periodically varied at 
another frequency (that of the oscillator). The effects at signal frequency must, 
therefore, be integrated or averaged over the oscillator cycle. The input conductance 
at 60 megacycles of the typical radio-frequency pentode used for Figs. 25.4 and Fig. 
25.5 as a function of control-grid bias is shown in Fig. 25.6. The integrated or net 
loading as a function of oscillator amplitude, when the tube is used as a mixer at this 
frequency, is given in Fig. 25.7, both with fixed-bias operation and with the bias 

obtained by a grid leak and condenser. The con- 
ductance for all other frequencies may be cal- 
culated by remembering that the input con- 
ductance increases with the square of the fre- 
quency. The data given do not hold for cathode 
injection because of the loading added by feed- 
back, as previously discussed. 

When automatic volume control is used on the 
modulator tube, an important effect in some cir- 
cuits is the change in input capacitance and input 
loading with bias. This is especially true when 
low-capacitance circuits are in use, as with a wide- 
band amplifier. With tubes having oscillator 
and signal voltages on the same grid, because of 
the integrating action of the oscillator voltage, the 
changes are not so pronounced as with the same 
tube used as amplifier. A small, unbypassed 
cathode resistor may be used with an amplifier 
tube (Refs. 29, 30) to reduce the variations ; it 
should give a similar improvement with the 
modulator. 
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Fig. 25.7. Input conductance of 
a typical pentode when used as a 
mixer at 60 megacycles, a, fixed- 
bias operation ; c, bias obtained 
by means of a high-resistance grid 
leak. 



972 



(iv) MIXER SECTION OF CONVERTER STAGE 



25.1 



The question of tube noise (i.e., shot-effect fluctuations) is important in a mixer, 
or modulator, especially when this tube is the first tube in a receiver. There is little 
doubt that triode or pentode mixers, in which signal and oscillator voltages are im- 
pressed on the control grid, give the highest signal-to-noise ratio of any of the com- 
monly used types of mixers. The reason for this has been made clear by recent 
studies of tube noise. (Ref. 24). It is now well established that tube noise is the 
combined result of shot noise in the cathode current which is damped by space charge 
to a low value and additional fluctuations in the plate current caused by random 
variations in primary current distribution between the various positive electrodes. 
Thus, in general, tubes with the smallest current to positive electrodes other than the 
plate have the lowest noise. It is seen that the tetrode or pentode modulator, with a 
primary screen current of 25 per cent or less of the total current, is inherently lower 
in noise than the more complex modulators in which the current to positive electrodes 
other than the plate usually exceeds 60 per cent of the total current. The triode, 
of course, has the lowest noise assuming an equivalent tube structure. The con- 
version transconductance of triode, tetrode, or pentode mixers is usually higher than 
that of multielectrode tubes using a similar cathode and first-grid structure. That 
this is so is again largely due to the lower value of wasted current to other electrodes. 

The noise of triodes and pentodes used as mixers in the converter stage is con- 
veniently expressed in terms of an equivalent noise resistance R e q as mentioned in 
Sect. l(ii)C. The noise as a mixer, of both the triode and the pentode, may be 
expressed in one formula based on the now well-understood amplifier noise relations. 
(Ref. 24). The equivalent noise resistance of the triode is obtained simply by equating 
the screen current to zero. An approximate formula for equivalent noise resistance 
of oxide-coated-cathode tubes is 



R e g (of triode and pentode mixers) 



2.2 g m + 20 I c 



1 



_ gc* 1 + * 

where g m ...is the average control-grid-to-plate transconductance (averaged over an 
oscillator cycle), 7 eS is the average screen current, g e is the conversion transconductance, 
and a is the ratio of the screen current to plate current. Valuable additions to the 
above relation are given by formulas which enable a simple calculation of noise re- 
sistance from amplifier data found in any tube handbook. These additional relations 
are approximations derived from typical curve shapes and are based on the maximum 
peak cathode current I and the maximum peak cathode transconductance g . The 
data are given in Table 1 . It has been assumed that oscillator excitation is approxi- 
mately optimum. In this table, E c0 is the control-grid voltage needed to cut off the 
plate current of the tube with the plate and screen voltages applied, and a is the ratio 
of screen to plate current. 

TABLE 1 

Mixer Noise of Triodes and Pentodes 

(Oscillator and Signal both Applied to Control Grid) 



Operation 



Approxi- 
mate 
Oscillator 
Peak Volts 



Average 
Transcon- 
ductance 

gm 



Average \ Conversion 

Cathode j Transcon- 

Current | ductance 

Ik gc 



Equivalent 

Noise 
Resistance 

Req 



At Oscillator Fund- 
amental 

At Oscillator 2nd 
Harmonic 

A* rtooillntv-i* "X-rA 

Harmonic 



0.7 E cQ 



1.5 E c 



4.3 E c0 



0.47 

1 + a 

0.25 

1 + a 

' R 

1 + a 



go 



go 



go 



0.35 J. 



0.20 /„ 



0.11 /„ 



0.28 

1 + a 

0.13 



1 + a 



go 



go 



1 + a 



go 



13 I 

- + 90 - 2 a 
go ^o 2 

31 J 

— + 220 ~ 
go go 



JO in 

— + 260 -^-a 
go go 2 
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As an example of the use of the table, suppose it is desired to find the equivalent 
noise resistance of a particular triode operated as a converter at the oscillator second 
harmonic. The local oscillator can be permitted to swing the triode mixer grid to 
zero bias. With a plate voltage of 180 volts and zero bias, the tube data sheet shows 
a transconductance, g = 2.6 x 10~ 3 mho. Thus the equivalent noise resistance is 
31/g or 12 000 ohms and the conversion transconductance at second harmonic is 
0.13 g , or 340 micromhos. Since, with this plate voltage the tube cuts off at about 
8 volts, a peak oscillator voltage of around 12 volts will be required. 

The above table may also be used to obtain a rough estimate of the input loading 
of pentode or triode mixers, since the high-frequency input conductance is roughly 
proportional to the average transconductance g m and to the square of the frequency. 
Thus, if the loading at any transconductance and frequency is known, the loading as 
a mixer under the conditions of the table may quickly be computed. 



2,000 



Fig. 25.8. Signal-grid-(grid No. 
4) to-plate transconductance ver- 
sus oscillator-grid {grid No. 1) 
voltage curve of a typical mixer 
designed for inner-grid injection. 
Signal-grid bias = — 3 volts. 



B. Tubes with oscillator voltage on an inner grid, signal voltage on an outer 
grid 

When the oscillator voltage is impressed on the grid nearest the cathode of a mixer 
or converter, the cathode current is varied at oscillator frequency. The signal grid, 
on the other hand, may be placed later in the electron stream to serve only to change 
the distribution of the current between the output anode and the other positive elec- 
trodes. When the two control grids are separated by a screen grid, the undesirable 
coupling between oscillator and signal circuits is reduced much below the value which 
otherwise would be found. 

The signal-grid-to-plate transconductance of the inner-grid injection mixer is a 
function of the total current reaching the signal grid ; this current, and hence the 
signal-grid transconductance, will vary at oscillator frequency sO that mixing becomes 
possible. The signal-grid transconductance as a function of oscillator-grid potential 
of a typical modulator of this kind is shown in Fig. 25.8. It will be observed that 
this characteristic is different in shape from the corresponding curve of Fig. 25.4 
for the tube with oscillator and signal voltages on the same grid. The chief point of 
difference is that a definite peak in transconductance is found. The plate current 
of the tube shows a saturation at approximately the same bias as that at which the 
peak in transconductance occurs, indicating the formation of a partial virtual cathode. 
Tke signal grid, over the whole of these curves, is biased negatively and so draws 
no current. The oscillator inner grid (No. 1 grid) however, draws current at positive 
values of bias. This separation of signal and oscillator grids is advantageous, inasmuch 
as the signal circuit is not loaded even though the oscillator amplitude is sufficient to 
draw grid current. In fact, in the usual circuit, the oscillator grid is self-biased 
with a low-resistance leak and condenser and swings sufficiently far positive to attain 
the peak signal-grid transconductance. 

The conversion transconductance of such a tube has a maximum with an oscillator 
swing which exceeds the point of maximum signal-grid transconductance in the one 
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direction and which cuts off this transconductance over slightly less than half the 
cycle, in the other. Curves of conversion transconductance against peak oscillator 
voltage are shown in Fig. 25.9. Curve a is for fixed-bias operation of the oscillator 
grid, curve b is with a high-resistance (i.e. several megohms) grid leak and condenser 
for bias, and curve c is with the recommended value of grid leak (50 000 ohms) for 
this type of tube. It is seen that best operation is obtained with the lower resistance 
value of grid leak. With this value, the negative bias produced by rectification in the 
grid circuit is reduced enough to allow the oscillator grid to swing appreciably positive 
over part of the cycle. An incidental advantage to the use of the low-resistance leak 
when the tube is self-oscillating (i.e., a converter) is that undesirable relaxation os- 
cillations are minimized. 
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Fig. 25.9. Conversion transconductance of 
a typical mixer designed for inner-grid 
injection of oscillator. Signal-grid bias 
= —3 volts, a, fixed-bias operation of 
oscillator grid; b, oscillator-grid bias 
obtained through high-resistance grid leak ; 
c, oscillator-grid bias obtained through a 
50,000-ohm grid leak. 



In mixers or converters in which the oscillator voltage is present on both the cathode 
and the oscillator grid in the same phase (e.g. Fig. 25.3) it is usually necessary to 
utilize a relatively sharp cut off in the design of the oscillator grid so as to cut off the 
cathode current when the signal grid is positive (Ref. 19). By this means, the signal 
grid is prevented from drawing current. At the same time, however, the high currents 
needed for a high peak value of signal-grid transconductance cannot be obtained 
without a greater positive swing of the oscillator grid than with a more open oscillator 
grid structure. Thus, it is clear that it is desirable to have a negative bias on the 
oscillator electrode which is considerably smaller than the peak oscillator voltage. 
For this reason, optimum results are obtained on these tubes with very low values of 
oscillator grid leak (e.g. 10 000 to 20 000 ohms). 

The effects of feedback through the interelectrode capacitance are small in well- 
designed multigrid mixers and converters of the kind covered in this section. The 
signal-grid-to-plate capacitance is usually small enough to play no part in the opera- 
tion ; even with a high L-to-C ratio in the intermediate-frequency transformer, the 
capacitive reactance of the intermediate-frequency circuit at signal frequency is only 
a very small fraction of the feedback reactance. The other interelectrode capacitance 
which plays some part in determining circuit performance (excluding, of course, 
the input and output capacitances) is the capacitance from the oscillator electrode or 
electrodes to the signal grid. This capacitance is a source of coupling between these 
two circuits. In well-designed converter or modulator tubes of the type discussed 
in this section, however, the coupling through the capacitance may be made small 
compared with another form of internal coupling known as " space-charge coupling" 
which will be treated later in this discussion. 

Coupling between oscillator and signal circuits is of no great consequence except 
when an appreciable voltage of oscillator frequency is built up across the signal-grid 
circuit. This is not usually possible unless the signal circuit is nearly in tune with 
the oscillator as it is when a low ratio of intermediate frequency to signal frequency 
is used. The effect of oscillator-frequency voltage induced across the signal circuit 
depends on its phase ; the effect is usually either to increase or to decrease the relative 
modulation of the plate current at oscillator frequency and so to change the con- 



version transconductance. This action is a disadvantage, particularly when the 
amount of induced voltage changes when the tuning is varied, as usually occurs. 
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In some cases, another effect is a flow of grid current to the signal grid ; this may 
happen when the oscillator-frequency voltage across the signal-grid circuit exceeds 
the bias. Grid current caused by this effect can usually be distinguished from grid 
current due to other causes. By-passing or short-circuiting the signal-grid circuit 
reduces the oscillator-frequency voltage across the signal-grid circuit to zero. Any 
remaining grid current must, therefore, be due to other causes. 

Current to a negative signal grid of a tube operated with inner-grid oscillator in- 
jection is sometimes observed at high frequencies (e.g. over 20 megacycles) even when 
no impedance is present in the signal-grid circuit. This current is caused by elec- 
trons whose effective initial velocity has been increased by their finite transit time 
in the high-frequency alternating field around the oscillator grid. These electrons 
are then able to strike a signal grid which is several volts negative. The magnitude 
of the signal-grid current is not usually as great as with tubes applying the oscillator 
voltage to an outer grid* although it may prevent the use of an automatic-volume- 
control voltage on the tube. 

An investigation of coupling effects in the pentagrid converter showed that the 
coupling was much larger than could be explained by interelectrode capacitance. 
It was furthermore discovered that the apparent coupling induced a voltage on the 
signal circuit in opposite phase to that induced by a capacitance from oscillator to 
signal grid. (Ref. 15). The coupling which occurred was due to variations in space 
charge in front of the signal grid at oscillator frequency. A qualitative explanation 
for the observed behaviour is that, when the oscillator-grid voltage is increased, the 
electron charge density adjacent to the signal grid is increased and electrons are re- 
pelled from the signal grid. A capacitance between the oscillator grid and the signal 
grid would have the opposite effect. The coupling, therefore, may be said to be 
approximately equivalent to a negative capacitance from the oscillator grid to the signal 
grid. The effect is not reversible because an increase of potential on the signal grid 
does not increase the electron charge density around the oscillator grid. If anything, 
it decreases the charge density. The equi valence to a negative capacitance must be 
restricted to a one-way negative capacitance and, as will be shown later, is restricted 
also to low-frequency operation. 

In general, the use of an equivalent impedance from oscillator grid to signal grid 
to explain the behaviour of " space-charge coupling " is somewhat artificial. A 
better point of view is simply that a current is induced in the signal grid which de- 
pends on the oscillator-grid voltage. Thus, a transadmittance exists between- the 
two electrodes analogous to the transconductance of an ordinary amplifier tube. 
Indeed, the effect has been used for amplification in a very similar manner to the use 
of the transconductance of the conventional tube. (Ref. 32, 33). 

It is found that the transadmittance from the oscillator to the signal electrode 
Y m o-s is of the form 

Y m0 - S = k l( o 2 + jk 2 a>. 

At low frequencies (i.e., k^ << k 2 o>) the transadmittance is mainly a transuscept- 
ance but, as the frequency rises, the transconductance component k x co 2 becomes of 
more and more importance, eventually exceeding the transusceptance in magnitude. 
The early work on " space-charge coupling " indicated that the effect was opposite 
to that of a capacitance connected from oscillator to signal grjid and could be cancelled 
by the connection of such a capacitance of the correct value (Refs. 15, 34). The effect 
of such cancellation could be only partial, however, since only the transusceptance 
was balanced out by this arrangement. For complete cancellation it is also necessary 
to connect a conductance, the required value of which increases as the square of the 
frequency, between the oscillator grid and the signal grid so that the transconductance 
term is also balanced out. (Ref. 35, 36). 

The cancellation of " space-charge coupling " may be viewed in another way. 
A well-known method of measuring the transadmittance of a vacuum tube is to con- 
nect an admittance from control grid to output electrode and to vary this admittance 
until no alternating-current output is found with a signal applied to the control grid. 

•The next part of this section contains a more detailed discussion of signal-grid current in outer-grid 
oscillator injection tubes. 
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(Ref. 37). The external admittance is then equal to the transadmittance. In exactly 
the same way, the transadmittance which results from the space-charge coupling may 
be measured. As a step further, if an admittance can be found which substantially 
equals the transadmittance at all frequencies or over the band of frequencies to be 
used, this admittance may be permanently connected so as to cancel the effects of 
space-charge coupling. As has been previously stated, the admittance which is re- 
quired is a capacitance and a conductance whose value varies as the square of the 
frequency. Such an admittance is given to a first approximation by the series con- 
nection of a capacitance C and a resistance R. Up to an angular frequency w = 
0.3/ CR the admittance of this combination is substantially as desired. At higher 
values of frequency, the conductance and susceptance fail to rise rapidly enough and 
the cancellation is less complete. Other circuits are a better approximation to the 
desired admittance. For example, the connection of a small inductance, having the 
value L = 1/2CR 2 , gives a good approximation up to an angular frequency to = 
0.6/ CR. The latter circuit is, therefore, effective to a frequency twice as high as the 
simple series arrangement of capacitance and resistance. Inasmuch as in some cases 
the value of inductance needed is only a fraction of a microhenry, the inductance may 
conveniently be derived from proper proportioning and configuration of the circuit 
leads. 




FIG. 25.10 



Fig. 25.10. Signal grid (grtd No. 4) admittance of a typical mixer designed for inner- 
grid injection of oscillator at 31.5 megacycles. Curves taken with no oscillator voltage 
applied. Data represents electronic admittance only {i.e. " cold " values were subtracted 
from measured values before plotting.) 

It is of interest to note the order of magnitude of the transadmittance which is 
measured in the usual converter and mixer tubes. (Refs. 26, 35, 36, 38). In the 
formula for Y m0 _, given above, £, is in the neighborhood of 10 - * 1 and k 2 is around 
10" 12 . Cancellation is effected by a capacitance of the order of one or two micro- 
microfarads and a series resistance of 500 to 1000 ohms. 

The correct value of the cancelling admittance may be found experimentally by 
adjustment so that no oscillator voltage is present across the signal-grid circuit when 
the latter is tuned to the oscillator frequency. Another method which may be used 
is to observe either the mixer or converter plate current or die oscillator grid current 
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as the tuning of the signal is varied through the oscillator frequency. With proper 
adjustment of the cancelling admittance there will be no reaction of the signal-circuit 
tuning on either of these currents. 

There are two disadvantages which accompany the cancellation of space-charge 
coupling as outlined. In the first place, the signal-grid input admittance is increased 
by the cancelling admittance. This point will be brought up again after discussing 
the input admittance. The second disadvantage is that the oscillator frequency shift 
with voltage changes in converter tubes may be somewhat increased by the use of 
this cancellating admittance. When separate oscillator and mixer tubes are used, 
the latter effect may be made less serious. 

The next point to be considered is the input admittance of the signal grid. Signal- 
grid admittance curves of a typical modulator designed for use with the oscillator 
voltage impressed on the first grid are shown under direct-current conditions (i.e., 
as a function of oscillator-grid bias for several values of signal-grid bias) in Fig. 25.10. 
The admittance is separated into conductive and susceptive components, the latter 
being plotted in terms of equivalent capacitance. The admittance components of 
the " cold " tube (no electrons present) have been subtracted from the measured value 
so that the plotted results represent the admittance due to the presence of electrons 
only. The data shown were taken at 31.5 megacycles with a measuring signal which 
did not exceed 1.0 volt peak at any time. A modified Boonton Q meter was used 
to take the data. It should be noted that the presence of a marked conductive com- 
ponent of admittance is to be expected at frequencies as high as those used. 




Fig. 25.11. Signal-grid {grid No. 4) 
conductance of a typical mixer 
designed for inner-grid injection of 
oscillator. Lines are drawn with 
slope of 2. Curve a taken with 
E c = 0, E c = —3 volts. Curve 

1 4 

b taken with E c = —6, E c = 
—6 volts. 
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The most striking feature of the data of Fig. 25.10 is that both susceptive and con- 
ductive components are negative over a large portion of the characteristic. The 
Appendix discusses this feature in somewhat more detail. The measurements show 
that the susceptive component is analogous to a capacitance. The capacitance curves 
given are independent of frequency up to the highest frequency used (approximately 
50 megacycles). The conductive component, on the other hand, increases as the 
square of the frequency also up to this frequency. The conductance is, therefore, 
negative even at very low frequencies although its magnitude is then very small. 
Thus, the conductance curves of Fig. 25.11 are valid for any frequency by multi- 
plication of the conductance axis by the square of the ratio of the frequency considered, 
to the frequency used for the data (i.e., 31.5 megacycles). Data taken at various 
frequencies for two particular values of grid bias voltage E ci are plotted in Fig. 25.11. 
The square-law relation is shown to check very closely. 

Fig. 25.10 should be considered remembering that the oscillator voltage is applied 
along the axis of abscissas. Considering an applied oscillator voltage, the admittance 
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curves must be integrated over the oscillator cycle to find the admittance to the signal 
frequency. The operation is just as if the tube were an amplifier whose input ad- 
mittance is periodically varied over the curve of Fig. 25.10 which corresponds to the 
signal-grid bias which is used. Curves of the modulator input conductance at 31.5 
megacycles for various applied oscillator voltages are shown in Fig. 25.12. The 
oscillator-grid bias is obtained by means of the recommended value of grid leak for 
the tube (50 000 ohms). Curves are shown for two values of signal-grid bias volt- 
age E cX . As before, data for other frequencies are obtained by multiplying the con- 
ductance by the square of the frequency ratio. 

The practical effect of the negative input admittance in a circuit is due to the con- 
ductive portion only, inasmuch as the total input capacitance remains positive in 
general*. An improved image ratio, and somewhat greater gain to the converter 
signal grid over other types of modulator is to be expected when this type of oscillator 
injection is used. At high frequencies, when a comparatively low intermediate fre- 
quency is used, it is usually desirable to cancel the space-charge coupling of the tube 
in the manner previously discussed. When this cancellation is made reasonably 
complete by the use of a condenser and resistor combination connected from the 
oscillator grid to the signal grid, the losses in this admittance at signal frequency are 
usually sufficient to wipe out the negative input admittance. The net positive input 
conductance however is often less than that found with other types of mixer. 

The change in signal-grid input capacitance with automatic-volume-control is 
small in this type of modulator, particularly with the larger values of oscillator swing 
because of the integrating action of the oscillator voltage. 

The fluctuation noise which is found in the output of inner-grid oscillator-injection 
mixers and converters is not readily evaluated quantitatively. The fluctuation noise 
is primarily due to current-distribution fluctuations but is complicated by the possi- 
bility of a virtual cathode ahead of the signal grid. Data have been taken, however, 
which indicate some degree of proportionality between the mean-square noise current 
and the plate current. The signal-to-noise ratio for this type of modulator is, there- 
fore, approximately proportional to the ratio of conversion transconductance to the 
square root of the plate current. It is considerably less than for the pentode modulator 
with both signal and oscillator voltages on the control grid. 

The noise of the converter or mixer with oscillator on an inner grid may be ex- 
pressed in terms of an equivalent grid resistance as 

207 6 
R = — i 72 

6C 

where I b is the operating plate current, g e is the conversion transconductance, and f 72 
is a factor which is about 0.5 for tubes with suppressor grids and at full gain. For 
tubes without suppressor or for tubes whose gain is reduced by signal-grid bias, i 72 
is somewhat larger and approaches unity as a maximum. With this mode of opera- 
tion there is not so much value in expressions for R e9 based on maximum trans- 
conductance and maximum plate current because these quantities are neither available 
nor are they easily measured. For operation at second or third harmonics of the 
oscillator (assuming optimum oscillator excitation) the plate current I b and the con- 
version transconductance g c are roughly \ or 1/3, respectively, of their values with 
fundamental operation so that the equivalent noise resistance for second-harmonic 
and third-harmonic operation is around two and three times, respectively, of its 
value for fundamental operation. 

C. Mixers with oscillator voltage on an outer grid, signal voltage on inner 
grid 

With this type of mixer, the cathode current is modulated by the relatively small 
signal voltage which is impressed on the control grid adjacent to the cathode. The 
oscillator voltage, on the other hand, is impressed on a later control grid so that it 

»It should not be forgotten that the data given do not include the " cold " susceptance and conductance 
of the tube. The latter is a relatively small quantity, however. 
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periodically alters the current distribution between anode and screen grid. The 
connections of signal and oscillator voltages to this type of modulator are just the 
reverse, therefore, of the mixer treated in the preceding section. The behaviours 
of the two types are also quite different although they both include internal separation 
of signal and oscillator electrodes through a shielding screen grid. 
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FIG. 25. 13 

Fig. 25.12. Signal-grid {grid No. 4) conductance of a typical mixer designed for inner- 
grid injection of oscillator, at 31.5 megacycles. Oscillator voltage applied. Oscillator- 
grid bias obtained through 50,000-ohm grid leak. Electronic portion of conductance, only, 

plotted. 
Fig. 25.13. Signal-grid (grid No. 1) transconductance versus oscillator-grid (grid No. 3) 
voltage of a typical mixer designed for use with outer-grid injection of oscillator. Signal- 

-j U~„ -a T+. 

The signal-grid transconductance curve as a function of oscillator-grid voltage of 
a typical mixer designed for use with the oscillator on an outer grid is shown in Fig. 
25.13. It differs in shape from similar curves for the other two classes of modulator 
in that an approximate saturation is reached around zero bias on the oscillator grid. 
The conversion transconductance for such a tube is, therefore, more accurately pre- 
dicted from normal amplifier transconductance. In fact, in the manufacture of this 
type of mixer, a test of signal-grid transconductance at somewhere near the saturation 
point (e.g., zero bias) on the oscillator grid has been found to correlate almost exactly 
with the conversion transconductance. The cut off point of the curve must remain 
approximately fixed, of course, since this point affects the oscillator amplitude which 

The conversion transconductance of the 
typical outer-grid injection mixer tube 
which was used for Fig. 25.13 is shown in 
Fig. 25.14. Curve a which is for fixed 
bias on the oscillator grid is seen to be 
higher than curve b for which bias is ob- 
tained by a 50 000-ohm grid leak and con- 
denser. The latter connection is most 
widely used, however, because of its con- 
venience. A compromise using fixed bias 
together with a grid leak is most satisfac- 
tory of all. (Ref. 40). When this com- 
bination is used, the curve of conversion 
transconductance follows curve a of Fig. 
25.14 to the intersection with curve b and 
then follows along the flat top of curve b. 
In a well-designed mixer with the signal 
voltage on the grid adjacent to the cathode 
and the oscillator voltage on an outer grid, 
effects due to feedback through the inter- 
electrode capacitance may usually be ne- 
glected. The only effect which might be of 
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Fig. 25.14. Conversion transconduct- 
ance of a typical mixer designed for 
outer-grid injection of oscillator. Signal- 
grid bias, E e = —3 volts. Curve a 

corresponds to fixed No. 3 grid bias, 
E e — — 8 volts. Curve b corresponds 

to bias obtained through a 50 000-ohm 
grid leak. 
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importance in some cases is coupling of the oscillator to the signal circuit through the 
signal-grid-to-oscillator-grid capacitance. In many tubes a small amount of space- 
charge coupling between these grids is also present and adds to the capacitance coup- 
ling (contrary to the space-charge coupling discussed in Section B which opposes 
the capacitance coupling in that case). Measurements of the magnitude of the space- 
charge coupling for this type of modulator show that it is of the order of 1/5 to 1/10 
of that present in inner-grid-injection modulators. Coupling between oscillator and 
signal circuits causes a voltage of oscillator frequency to be built up across the signal 
input circuit. This oscillator-frequency voltage, depending on its phase, aids or 
opposes the effect of the normal oscillator-grid alternating voltage. The action is 
additive when the signal circuit has capacitative reactance to the oscillator frequency, 
as in the usual case. When the oscillator-frequency voltage across the signal input 
circuit exceeds the bias, grid current is drawn to the signal grid, an undesirable oc- 
currence. This grid current may be distinguished from signal-grid current due to 
other causes by short-circuiting the signal-input circuit and noting the change in grid 
current. With the majority of tubes, another cause of signal-grid current far exceeds 
this one in importance. This other cause will now be discussed. 

The most prominent high-frequency effect which was observed in mixers of the 
kind under discussion, was a direct current to the negative signal grid even when no 
impedance was present in this grid circuit. This effect was investigated and found 
to be due to the finite time of transit of the electrons which pass through the signal 
grid and are repelled at the oscillator grid, returning to pass near the signal grid again. 
(Refs. 17, 41, 42). When the oscillator frequency is high, the oscillator-grid potential 
varies an appreciable amount during the time that such electrons are in the space 
between screen grid and oscillator grid. These electrons may, therefore, be acceler- 
ated in their return path more than they were decelerated in their forward path. Thus, 
they may arrive at the signal grid with an additional velocity sufficient to allow them 
to strike a slightly negative electrode. Some electrons may make many such trips 
before being collected ; moreover, in each trip their velocity is increased so that 
they may receive a total increase in velocity equivalent to several volts. A rough 
estimate of the grid current to be expected from a given tube is given by the semi- 
empirical equation 

I el = AI k E , c wT S _ 3 € Cl - 
Where A and B depend on electrode voltages and configuration, I cl is the signal-grid 
current, E cl is the signal-grid bias, I k is the cathode current, E , c is the impressed 
oscillator voltage on the oscillator grid, w is the angular frequency of the oscillator, 
and T 2 _ 3 is the electron transit time in the space between screen grid and oscillator 
grid. 

Data on the signal-grid current of a typical mixer at 20 megacycles are shown in 
Fig. 25.15 where a semi-logarithmic plot is used to indicate the origin of the above 
equation. 

The reduction of signal-grid current by operation at more negative signal-grid 
bias values is an obvious remedy. When this is done, in order to prevent a reduction 
in conversion transconductance, the screen voltage must be raised. A better method 
of reducing the undesired grid current lies in a change of tube design. It will be 
shown in a later part of this discussion that the constant A and/or the transit time 
t 2 _ 3 of the above formula may be reduced considerably by proper electrode con- 
figuration. 

Another high-frequency phenomenon which is particularly noticed in outer-grid- 
injection mixers is the high input conductance due to transit-time effects. The cause 
for this was first made evident when the change of signal-grid admittance with os- 
cillator-grid potential was observed. Fig. 25.16 gives data on the susceptive and 
conductive components of the signal-grid admittance of this type of modulator as a 
function of oscillator-grid bias (no oscillator voltage applied). The data were taken 
at 31.5 megacycles and, as in the other input admittance curves, show the admittance 
components due to the presence of electrons only. It is seen that when the No. 3 
grid is made sufficiently negative the input admittance is greatly increased. This 
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Fig. 25.15. Signal-grid (grid No. 1) current in a typical mixer with a 20-megacycle 



oscillator voltage applied to grid No. 3. E c = — 10 volts, E ( 



2 and 4 



100 volts, E b = 



250 volts. 

Fig. 25.16. Signal-grid (grid No. 1) admittance of typical mixer designed for 
outer-grid injection of oscillator. Data taken at 31.5 megacycles with no os- 



illa: 






E h = 250 volts. 



behaviour coincides, of course, with plate-current cut off. It seems clear that the 
electrons which are turned back at the No. 3 grid and which again reach the signal 
grid are the cause of the increased admittance. Calculations based on this explana- 
tion have been published by M. J. O. Strutt (Ref. 43) and show reasonable quantita- 
tive agreement with experiment. As in the other cases above, the upper curve of 
Fig. 25.16 is approximately independent of frequency while the lower one may be 
converted to any other frequency by multiplying the ordinates by the square of the 
frequency ratio. 

When an oscillator voltage is applied, the No. 3 grid bias is periodically varied at 
oscillator frequency. The net input admittance is then the average value over the 
oscillator cycle. Such net values of the conductance component are shown in Fig. 
25.17. The frequency for these curves is 31.5 megacycles. Values for other fre- 
quencies are obtained by multiplying the ordinates by the square of the frequency 
ratio. Curve a coincides with the fixed bias condition of curve a of Fig. 25.14 while 
curve b corresponds to the grid-leak-and-condenser bias as in b of Fig. 25.14. The 
conductance is approximately twice as high when the tube is used as a mixer as when 
it is used as an amplifier. This is a serious disadvantage, particularly at very high 
frequencies. 
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Fig, 25.17. Signal-grid (grid No. 1) con- 
ductance of typical mixer designed for outer-grid 
injection of oscillator. Frequency, 31.5 mega- 
cycles, signal-grid bias, E c = —3 volts. 

Curve a corresponds to fixed No. 3 grid bias, 
E c = —8 volts. Curve b corresponds to bias 
3 through a 50 000-o/hm grid leak. 



It is thus seen that two serious disadvantages of the outer-grid-injection mixer 
are both due to the electrons returned by the oscillator grid which pass again to the 
signal-grid region. It was found possible to prevent this in a practical tube structure 
by causing the returning electrons to traverse a different path from the one which 
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(b) 
TWO AUXILIARY 
SIDE ELECTRODES 



SIDE ELECTRODES 
INCREASED IN SIZE AND 
LOWERED IN POTENTIAL 



(1) 
SIDE ELECTRODES 
BENT AROUND 
SCREEN GRID 



Fig. 25.18. Cross-sectional mews of mixer designed for outer-grid-injection of oscillator. 
The views show only the portions of the tube inside of and including the oscillator injection 

grid. 

they travelled in the forward direction*. (Ref. 45). The progressive steps towards 
an improvement of this kind are illustrated in Fig. 25.18 where cross-sectional views 
of the portion inside the oscillator grid of various developmental modulators are 
shown. The drawing (a) shows the original design, data on which have been given 
in Figs. 25.15, 25.16 and 25.17. Drawing (b) of Fig. 25.18 shows a tube in which 
two side electrodes operated at a high positive potential were added. In a tube of 
this kind many of the electrons returned by the No. 3 grid (oscillator grid) travel paths 
similar to the dotted one shown ; they are then collected by the auxiliary electrodes 
and thus do not re-enter the signal grid space. Tubes constructed similarly to (b) 
showed a considerable improvement in the signal-grid admittance increment due to 
returned electrons. Construction (c) shows the next step in which the side electrodes 
are increased in size and operated at somewhat lower potential. Because of the un- 
desirability of an additional electrode and lead in the tube, the construction shown at 
Xd) was tried. In this casethe auxiliary electrodes are bent over and connected elec- 
trically and mechanically to the screen grid. Curves showing the progressive re- 
duction in the signal-grid conductance increment due to returned electrons are shown 
in Fig. 25.19. The curves are labelled to correspond with the drawings of Fig. 25.18. 



Fig. 25.19. Signal-grid (grid No. 1) con- 
ductance of the outer-grid-injection mixers 
shown in Fig. 25.18. Data taken at 31.5 
megacycles with no oscillator voltage applied. 
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It should be noted that the use of the oscillator-grid support rods in the centre of the 
electron streams as shown in Fig. 25.18 (d) was found to improve the performance. 
No change in signal-grid conductance with oscillator-grid potential could be observed 
with this construction.t The conductance of the tube as a modulator, therefore, was 
reduced to less than half of that of construction (a). At the same time, a check of 
signal-grid current with a high-frequency oscillator applied to the No. 3 grid showed 
that this current was reduced to 1/20 of that of the original construction (a). The 
change in construction may be looked upon as dividing the constant A in the grid- 
current formula previously giv en, by a factor of more than 20. 

♦The same principles have now been applied to inner-grid-injection mixers and converters. See 
references 19 and 45. 

fit should be mentioned that it is also possible to construct tubes in which the signal-grid conductance 
decreases somewhat with increasingly negative No. 3 grid bias. This effect is caused by the inductance 
of the inner screen-grid lead which causes a negative conductance in the input circuit when the inner 
screen current is high, as at negative No. 3 grid bias values. This negative conductance cancels part 
of the positive conductance of the signal grid. 
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Fig. 25.20. Cross-sectional views of improved mixers designed for outer-grid injection 
of oscillator. The views show only the portions of the tube inside of and including the 

oscillator injection grid. 

Another method of reducing the effect of electrons returned by the oscillator grid 
is to reduce the effect of electron transit time in the tube. This may be done by 
reducing the spacings, particularly the screen-grid-to-oscillator-grid spacing. This 
method of improving modulator performance has two disadvantages compared with 
the one discussed in connection with Fig. 25.18. The reduction in spacing is accom- 
panied by a more sloping (i.e. less steep) signal-grid transconductance versus oscillator- 
grid voltage curve. This change in construction requires an increase in applied 
oscillator voltage to attain the same conversion transconductance. The second dis- 
advantage is that such a method reduces the transit time and hence, the undesirable 
high-frequency effects only by an amount bearing some relation to the reduction 
in spacing. Since this reduction is limited in a given size of tube, the method whereby 
electron paths are changed is much more effective. The method of reducing spacing, 
on the other hand, is extremely simple to adopt. A combination of both methods 
may be most desirable from the point of view of best performance with least com- 
plexity in the tube structure. 

io 3 



Fig. 25.21. Signal-grid (grid No. 1) 
current of the outer-grid injection 
mixers shown in Fig. 25.20. Curve a 
corresponds to the original design (a) 
of Fig. 25.18 and is shown for 
comparison. Data taken with a 20- 
megacycle oscillator voltage of 12 
volts peak amplitude applied to the 
oscillator-grid. E c — —10 volts, 



100 volts, E h = 250 volts. 
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In a mixer which must operate at high frequencies, it is not usually sufficient to 
eliminate the effects of returned electrons in order to assure adequate performance. 
For this reason the development of the principles shown in Fig. 25.18 was carried on 
simultaneously with a general programme of improving the tube. To this end, tubes 
were made with somewhat reduced spacing and with a rectangular cathode and a 
beam-forming signal grid (i.e., one with comparatively large supports). A number 
of developmental constructions are shown in Fig. 25.20. Construction (g), it will 
be noted, has finlike projections on the screen-grid channel members*, In con- 
struction (h) a reduction of spacing between screen and oscillator grids was combined 
with the channel construction. The relative performance of these constructions, 
so far as signal-grid current is concerned is shown in Fig. 25.21. The frequency 
used was 20 megacycles. The curve for the original design (taken from Fig. 25.15) 

♦This construction was devised by Miss Ruth J. Erichsen who was associated with the writer during 
part of the development work herein described. 
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is included and is drawn as a. All four of the constructions of Fig. 25.20 were satis- 
factory as regards signal-grid conductance ; in every case the change in conductance 
as the oscillator grid was made negative was a negligible factor. Construction (h) 
required approximately 20 per cent more oscillator voltage than (e), (f ), or (g) because 
of the reduction in slope of the transconductance versus No. 3 grid voltage curve 
which accompanied the reduced spacing between the screen and the No. 3 grid. 

Outer-grid-injection mixers have the same or slightly greater signal-grid capacitance 
changes with automatic volume control as are found in amplifier tubes. In this 
respect they are inferior to inner-grid-injection converters or mixers. The use of a 
small unbypassed cathode resistance (Ref. 29, 30) is a help, however. 

In closing this section, the subject of fluctuation noise will be considered. Experi- 
mental evidence indicates that the major portion of the noise in mixers with oscillator 
voltage on an outer grid is due to current-distribution fluctuations. (Ref. 24). The 
oscillator voltage changes the current distribution from plate to screen so that the 
mixer noise is given by the average of the distribution fluctuations over the oscillator 
cycle. In terms of the equivalent noise resistance the average has been found to be 
(Ref. 23), _ 

1 8 * 

where I b is the average (i.e. the operating) plate current and I b % is the average of the 
square of the plate current over an oscillator cycle. I a is the cathode current of the 
mixer section and is substantially constant over the oscillator cycle. This relation 
is not very useful in the form given. It is usually sufficiently accurate for most pur- 
poses to use an expression identical with that which applies to tubes with inner-grid 
oscillator injection, namely, 

■■ ■ R = m^ F , 

where F* is about 0.5 for tubes with suppressor grids and somewhat higher for others. 
By assuming a typical tube characteristic, the noise resistance may be expressed in 
terms of the cathode current /„ of the mixer section and the maximum signal-grid- 
to-plate transconductance g max as 

R " = 120 (tS 

\g maxj 

for operation at oscillator fundamental. For operation at second or third harmonic 
of the oscillator, the noise resistance will be approximately doubled, or tripled, respec- 
tively. 

(v) Conclusion 

It has been shown that the principle of frequency conversion in all types of tubes 
and with all methods of operation may be considered as the same (i.e. as a small- 
percentage amplitude modulation). The differences in other characteristics between 
various tubes and methods of operation are so marked, however, that each application 
must be considered as a separate problem. The type of tube and method of operation 
must be intelligently chosen to meet the most important needs of the application. 
In making such a choice, it is frequently of assistance to prepare a table comparing 
types of tubes and methods of operation on the basis of performance data. An 
attempt has been made to draw such a comparison in a qualitative way for general 
cases and for a few of the important characteristics. Table 2 is the result. It must 
be understood, of course, that the appraisals are largely a matter of opinion based on 
experience and the present state of knowledge. Furthermore, in particular circuits 
and with particular tubes, the relative standings may sometimes be quite different. 
A study of the fundamentals brought out in the previous sections of this paper should 
help in evaluating such exceptions. 
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TABLE 2 
Approximate Comparative Appraisals of Methods of Frequency Conversion 
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(vi) Appendix 

Discussion of negative admittance of current-limited grids 

In Figs. 25.10, 11 and 12 it was seen that the electronic signal-grid (i.e. input) 
admittance components (i.e. the admittance due to the presence of electrons) of a 
mixer designed for No. 1 grid injection of the oscillator are negative over a considerable 
portion of the normal operating range. Figs. 25.10 and 11, however, were taken with 
static voltages applied and so indicate that the phenomenon is not caused by an alter- 
nating oscillator voltage but is associated with the characteristics of the tube itself. 

The input admittance of negative grids in vacuum tubes is the sum of three factors : 
(1) the " cold " admittance, or the admittance of the tube with the electron current 
cut off ; (2) the admittance due to feedback from other electrodes through tube and 
external capacitance, etc. ; and (3) the admittance due to the presence of the electrons 
in the tube. The first two factors have been well known for many years although 
certain aspects of the second have only recently received attention. (Refs. 29, 30 
and 48). The third factor, however is not so well understood although the excellent 
work done during the last ten years has paved the way for a complete understanding 
of the subject. (Ref. 49). The present discussion is concerned only with this last 
point, namely the admittance of negative grids due to the presence of electrons in the 
tube. 

Early work on transit-time effects in diodes and negative-grid triodes had indicated 
that, at very high frequencies, the conductance became negative in certain discrete 
bands (i.e., at large transit angles). It was not, at first, appreciated that conditions 
were possible with negative-grid triodes in which the input conductance could be- 
come negative even at low frequencies (i.e., at small transit angles). Data taken 
on the input (No. 4 grid) conductance of pentagrid converters by W. R. Ferris of this 
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laboratory during 1934 showed that these tubes had a negative input conductance 
which varied as the square of the frequency and which remained negative at low fre- 
quencies. The conductance appeared, therefore, to behave in the same way as the 
positive input conductance of ordinary negative-grid tubes, except for a reversal in 
sign. The data on the pentagrid were taken with an external oscillator voltage applied 
to the No. 1 grid. The work of Bakker and de Vries (Ref. 50) disclosed the possi- 
bility of a negative input conductance at small transit angles in a triode operated under 
current-limited conditions. They gave an experimental confirmation for a triode 
operated at reduced filament temperature. Data taken by the writer during 1936 
on a pentagrid converter showed that the negative conductance was present in this 
tube even when direct voltages, only, were applied and that it was accompanied by a 
reduction in capacitance. A fairly complete theory of the effect was developed in 
unpublished work by Bernard Salzberg, formerly of this laboratory, who extended 
the theory of Bakker and de Vries to the more general case of multigrid tubes with 
negative control grids in a current-limited region. Other experimental work was 
done on the effect during 1936 by J. M. Miller and during the first half of 1937 by 
the writer. In the meantime, the papers of H. Rothe (Ref. 51), I. Runge (Refs. 52, 53), 
and L. C. Peterson (Ref. 54) showed that independent experimental and theoretical 
work had been done on the negative-admittance effect in other laboratories. 

In a rough way, the negative admittance found under current-limited conditions 
may be explained as follows : The electron current in a tube is equal to the product 
of the charge density and the electron velocity. If this current is held constant, a rise 
in effective potential of the control electrode raises the velocity and so lowers the 
charge density. A reduction in charge density with increase in potential, however, 
results in a reduction in capacitance, provided no electrons are caught by the grid. 
Thus, the susceptive component of the part of the admittance due to the current 
through the grid, is negative. Because of the time lag due to the finite time of transit 
of the electrons, there is an additional component of admittance lagging the negative 
susceptance by 90 degrees, i.e., a negative conductance. The value of the negative 
conductance will be proportional to both the transit angle and to the value of the 
susceptance. Since both of these quantities are proportional to frequency, the 
negative conductance is proportional to the square of the frequency. 

The general shape of the curves of Fig. 25.10 may be explained as follows : At 
a No. 1 grid bias of about —20 volts, the cathode current is cut off and the electronic 
admittance is zero. At slightly less negative values of No. 1 grid bias, the electron 
current is too small to build up an appreciable space charge ahead of the signal grid 
(No. 4 grid). The latter grid, although it exhibits some control of the plate current 
does not control the major portion of the current reaching it and is thus in a substanti- 
ally current-limited region. Its susceptance and conductance are, therefore, negative. 
Higher currents increase the negative admittance until, at some value of No. 1 grid 
bias, the electron current is increased to the point at which a virtual cathode is formed 
in front of some parts of the signal grid. At these parts, the current which reaches 
the grid is no longer independent of this grid potential, and as a result, a positive 
susceptance and conductance begin to counteract the negative admittance of other 
portions of the grid. The admittance curves reach a minimum and for still higher 
currents approach and attain a positive value. The current necessary to attain the 
minimum admittance point is less when the signal-grid bias is made more negative 
so that the minima for increasingly negative No. 4 grid-bias values occur at increasingly 
negative No. 1 grid-bias values. 

It may be noted that the signal-grid-to-plate transconductance is at a maximum 
in the region just to the right of the admittance minima of Fig. 25.10 (compare Fig. 
25.8). The admittance of such a tube used as an amplifier remains negative, there- 
fore, at the maximum amplification point. 
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SECTION 2 : CONVERTER APPLICATIONS 

By E. Watkinson, A.S.T.C., A.M.I.E. (Aust.), S.M.I.R.E. (Aust.). 

(t) Broadcast frequencies (ii) Short waves (Hi) Types of converters. 

(i) Broadcast frequencies 

A. Spurious responses 

If a sinusoidal signal is applied to the signal grid of a converter and a sinusoidal 
oscillator voltage to the oscillator grid, harmonics of each signal appear in the mixer 
plate circuit, together with sum and difference frequencies between each of the applied 
voltages and their harmonics. There is a component of plate current at each of 
these spurious response frequencies and each could be selected by a suitably tuned 
circuit. 

Alternatively when the plate circuit is fixed tuned to the intermediate frequency, 
undesired combinations of signal and oscillator harmonics can produce components 
of plate current at or near the intermediate frequency. These components heterodyne 
the desired difference frequency between signal and oscillator voltages. 

The most important spurious response is at the image frequency of the desired 
signal, i.e. removed from the oscillator frequency by an amount equal to the inter- 
mediate frequency but on the side of the oscillator frequency remote from the de- 
sired signal. Such a signal mixes with the oscillator to produce the intermediate 
frequency in the same way as the desired signal, and interference from it is not de- 
pendent on the characteristics of the converter. With other responses, produced 
by a combination of signal and oscillator harmonics, the amount of interference is 
dependent on the operating conditions of the converter. Thus it is desirable to 
reduce the oscillator amplitude as far as possible without affecting sensitivity or low- 
voltage operation, with the object of decreasing the magnitude of the higher order 
components in the transconductance-time curve (B in Fig. 25.1) of the mixer. 

Spurious responses are also possible at the harmonics of the intermediate frequency 
but these are due to feedback from the output of the i-f amplifier rather than to the 
converter. 

For a discussion and chart of the various possible combinations of the signal, har- 
monics of the signal, the oscillator voltage and harmonics of the oscillator voltage 
see Ref. 78. 

B. The signal-frequency circuit 
1. Signal-grid loading 

The reason for positive and negative loading effects produced respectively by outer- 
grid and inner-grid oscillator injection converters is explained in Sect. 1 of this chapter. 

Converters with high capacitance between signal-grid and plate may also load the 
input circuit by feedback from the plate circuit, particularly at the low-frequency end 
of the broadcast band where the signal frequency approaches the intermediate fre- 
quency. 

The input loading has resistive and reactive components, and the value of the re- 
sistive component (Ref. 78) is 
_ (G„ + G ) 2 + B * 

g m BgpB 

where G P = l/r P = anode slope conductance, 

G = conductance of the external anode-load admittance at the signal fre- 
quency, 

B = susceptance of the external anode-load admittance at the signal fre- 
quency, 

g m = mutual conductance of the signal grid with oscillator operating, 
and B gv = susceptance of the grid-plate capacitance at the signal frequency. 
Since the resonant frequency of the plate circuit is so far from the resonant frequency 
of the grid circuit when tuned to any point in the broadcast band, the expression can 
be simplified to 

R --?*- ■ 

9 ~ e B 

5 m- L> g V 
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The grid-circuit loading is thus directly proportional to the grid-plate capacitance 
of the converter, and it is only in types in which this is high that input loading be- 
comes appreciable. For example the 6A8-G has a plate to signal grid capacitance of 
0.26 fifiF and with an i-f transformer tuned by 85 /ajuF to 455 Kc/s the resistive com- 
ponent of the loading due to feedback across the valve is about 0.25 megohm at 600 
Kc/s rising to 0.45 megohm at 1000 Kc/s and 0.55 megohm at 1400 Kc/s. 

The resistive component of the loading is also proportional to the reactance of the 
capacitor tuning the plate circuit of the converter. This capacitor should be given 
as large a value as possible if grid loading is the main consideration. 

The reactive component of the input loading, which is always capacitive, appears 
in parallel with the tuning capacitor and can usually be ignored. 

Some converters have much lower plate-grid capacitance, e.g. the 6J8-G has a 
maximum of 0.01 ^/nF, and in such cases the signal-grid circuit loading due to feed- 
back from the plate circuit is negligible. 

External coupling between oscillator and signal frequency circuits can cause another 
effect which may be mistaken for input circuit loading. This effect occurs in triode- 
hexode and similar types of converters when a tuned-plate oscillator circuit is used, 
the loss of gain being most noticeably at the high-frequency end of the broadcast 
band. In such a case, conversion sensitivity over the broadcast band is reasonably 
flat, but aerial (or r-f grid) sensitivity shows poor gain at the high-frequency end even 
although the coil, checked separately, gives constant gain over the band. 

The coupling (capacitive or inductive) between the oscillator plate and the signal- 
grid causes an oscillator voltage to be applied to the signal grid which opposes the 
effects of the correctly injected oscillator voltage — see Sect. l(iv)A of this chapter. 
In severe cases the coupling may even be sufficient to give an oscillator voltage on the 
signal grid in excess of the bias, leading to severe damping of the input circuit. Tuned- 
plate oscillator circuits are most likely to produce this effect because the required 
oscillator grid voltage is a constant whether plate tuning or grid tuning is used and 
with a tuned plate circuit this voltage must be developed across the smaller untuned 
grid winding of the oscillator coil. At the same time the oscillator plate voltage, 
instead of being appreciably smaller than the oscillator grid voltage as in a tuned- 
grid circuit, is appreciably greater. 

A mechanical re-arrangement of the layout to isolate the oscillator-plate circuit 
from the signal-grid circuit will usually cure the trouble. In a difficult case it may be 
possible to arrange the wiring so that an opposite coupling between oscillator-grid 
and signal-grid will produce the required result. 

2. Signal-circuit regeneration 

It is possible to use controlled regeneration in a converter stage to give improved 
gain, image ratio and signal-to-noise ratio. Various possibilities are given in Ref. 65. 




Fig. 25.22. Screen regeneration in con- 
verter stage. 



One practical and economical circuit is shown in Fig. 25.22. VI is a triode-hexode 
and its 0.01 /*F screen by-pass capacitor C\ is returned to ground through the 0.05 ^F 
a.v.c. by-pass capacitor C2. The signal-frequency voltage from the screen circuit 
developed across C2 is injected into the grid circuit in the correct phase to give posi- 
tive feedback at signal frequencies. 
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The regeneration obt a ined with this circuit is proportional to the reactance of C2 
and is therefore inversely proportional to frequency. An improvement of about 
4 db in sensitivity and image ratio and 2 db in signal-to-noise ratio can be obtained 
at the low-frequency end of the broadcast band with sufficient stability margin for 
production purposes. The regeneration is negligible at 1400 Kc/s. 

In a small 3/4 valve receiver in which the aerial coil trimmer is connected from 
aerial to grid for maximum gain, sensitivity is greater at 1400 Kc/s than at 600 Kc/s, 
thus the circuit of.Fig. 25.22 is useful in minimizing the sensitivity difference between 
the ends of the band. 

Regeneration always has the disadvantage that variations in gain e.g. with different 
valves, are emphasized, but this need not be serious so long as moderate amounts 
of regeneration are used — sufficient for instance to give an improvement of the order 
outlined above. The circuit is applicable to other outer-grid injection converters, 
although component values may need modification. 

C. Operating conditions 

Recommended conditions for all types of converters are published by valve manu- 
facturers and these are satisfactory for normal applications. However variations 
are often required, perhaps to use common voltage supplies for electrodes in the con- 
verter and other valves, or perhaps to obtain say maximum signal-to-noise ratio 
even at the expense of sensitivity. 

The usual design procedure in such cases is to supply screen, oscillator plate and 
bias voltages by means of variable resistor boxes and to control the oscillator amplitude 
by means of resistors shunted across the untuned primary. In some cases, to be 
mentioned later, the effect of varying the primary impedance may need investigation. 

The valve operating conditions are set approximately to those recommended and 
then each voltage in turn is adjusted for maximum performance. This may need 
to be done more than once as variations in, say, bias voltage will affect the required 
screen voltage. 

In a typical case, the requirement from a converter might be maximum sensitivity 
and as the bias voltage is reduced the gain might rise to a maximum and then fall. 
This is due to an increase in conversion transconductance as the bias is reduced, 
followed by a decrease in plate resistance which more than offsets the increasing 
transconductance. However, with the bias voltage set for maximum sensitivity the 
screen dissipation may be excessive. A decrease in screen voltage followed by a 
further decrease in bias may give a similar sensitivity with satisfactory screen dis- 
sipation. It is important that the bias should not be reduced to a point at which some 
valves may draw grid current. The contact potential of indirectly-heated types 
normally does not exceed —1.0 volt and the applied bias in such cases can be safely 
reduced to between —1.5 to —2.0 volts provided that electrode ratings are not ex- 
ceeded. In the case of battery types, the contact potential is normally zero or 
positive, so that it is not necessary to apply a negative bias voltage to avoid grid damp- 
ing. 

Increased oscillator amplitude is likely to improve sensitivity to a broad maximum 
followed by a slight fall. However, as spurious responses increase rapidly with os- 
cillator drive, the amplitude should not be any greater than necessary. It is advisable 
to carry out checks at least at the limits of the tuning range to be covered. 

To obtain maximum signal-to-noise ratio a similar procedure would be adopted 
but the final operating conditions would probably differ, e.g. in the case of a triode- 
hexode the screen voltage might be reduced. On the other hand, if the converter 
noise is of the same order as the signal-grid circuit noise, as is possible on the broad- 
cast band, the effect of variations in converter conditions on the signal-to-noise ratio 
of the receiver would not be great. 

When operating voltages have been determined, resistor boxes may still be useful 
for obtaining a suitable screen voltage-divider circuit if a.v.c. design is at all critical. 
If a minimum amount of control is required on the converter, for example to avoid 
a rapid increase of noise as a.v.c. is applied, a single series resistor from B + will allow 
the screen voltage to rise in a triode-hexode type of converter and so decrease the 
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amount of control for a given a.v.c. voltage. Such a circuit will also minimize cross- 
modulation. However in converters without a suppressor grid the screen voltage 
must not approach the plate voltage because secondary emission from the plate will 
cause a large reduction in plate resistance and lead to damping of the first i-f trans- 
former, so that some bleed from screen to ground may be needed. The best com- 
promise can readily be determined with resistor boxes. 

If maximum a.v.c. control is required from a triode-hexode converter, for example 
when it is followed by a reflexed amplifier, and play-through must be reduced to a 
minimum, a large screen bleed may be needed. 

Maximum a.v.c. control can be obtained in pentagrid converters by reducing the 
oscillator plate voltage to a minimum consistent with satisfactory oscillator perform- 
ance. For example with 20 volts bias on the signal grid, the conversion transcon- 
ductance of a 6A8-G is reduced to less than one half of the original figure when the 
oscillator plate voltage is changed from 200 to 100 volts, although at minimum signal- 
grid bias the oscillator plate voltage has little effect on the conversion transconductance. 

Final operating conditions should not be decided upon until the tests outiined above 
have been repeated with a number of valves, some of which should preferably have 
characteristics near the upper and lower acceptance limits for the type. 

(ii) Short waves 
A. Alignment 

Short wave alignment of the converter stage is complicated by two factors, firstly 
by " pulling " of the oscillator frequency due to adjustments to the signal-grid circuit, 
and secondly by the fact that in many cases the range of the oscillator circuit trimmer 
is sufficient for it to be adjusted either to the correct response or to the image response. 

1. Pulling : Pulling is due to coupling, either in the converter valve or extern- 
ally, between the signal and oscillator circuits, and unless suitable precautions are 
taken it can result in faulty alignment at the high-frequency trimming point on the 
short-wave band. The effect is that as the signal-frequency trimmer is adjusted 
towards its correct setting, thus increasing the output, the oscillator is simultaneously 
detuned, which decreases the output when the signal is detuned from the peak of the 
i-f response. Thus the output rises to a maximum and then falls again, as is normal, 
but the maximum, instead of being the correct setting, is the point at which the de- 
tuning of the oscillator causes the gain to fall more rapidly than the increase due to the 
approach towards resonance of the signal-grid trimmer. 

The true maximum can be found by alternately peaking the signal circuit and re- 
tuning the oscillator circuit to resonance (by means of the main tuning control on the 
receiver) or by carrying out the two operations simultaneously — i.e. by slowly moving 
the signal-grid trimmer and continually tuning through the signal, noting the amount 
of output on each occasion and continuing until a maximum is reached. This pro- 
cedure is known as " rocking " the tuning control. 

If there is a noise source available with constant output over a band of frequencies 
at the alignment point (e.g. valve noise in a sensitive receiver, or a noise diode) it is 
possible to trim the signal-frequency circuit without rocking as the wide-band signal 
source avoids the effects of detuning. The signal input should not be large enough 
to operate the a.v.c. 

2. Images : Some of the difficulty experienced in short wave alignment at the end 
of the band is due to confusion between the correct response and the image. This 
results from the fact that the correct signal appears to differ depending on whether the 
signal generator is tuned or the receiver is tuned. For example, if a receiver with 
a 450 Kc/s intermediate frequency and with its oscillator on the high-frequency side 
of the signal frequency is correctly tuned to an 18 Mc/s signal the receiver oscillator 
is set to 18.45 Mc/s. The generator can then be tuned to a frequency 450 Kc/s 
higher than the oscillator i.e. 18.9 Mc/s and the image response will be found, or 
alternatively with the generator still set to 18 Mc/s the receiver can be tuned to the 
lower frequency of 17.1 Mc/s when the local oscillator will be at 17.55 Mc/s, 450 
Kc/s from the signal, and an image will be heard again. 
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Whenever there is any doubt as to which is the correct response, the frequencies 
should be worked out — conditions will be reversed from the example above if the 
oscillator is at a lower frequency than the signal — but a simple rule is that if the re- 
ceiver is being tuned and the oscillator is on the high frequency side of the signal, 
then the higher frequency signal is the correct one. 

A similar effect to an image response can also occur during signal-frequency trim- 
mer adjustment. With the oscillator on the high-frequency side of the signal it may 
be found that as the signal-frequency trimming capacitance is increased, the output, 
with rocking, rises to a maximum, falls and rises to a second maximum, which is the 
correct one. On the other hand if the receiver is left aligned at the first maximum it 
is found that the adjustment is approximately correct for the image frequency. 

This effect has no direct connection with the image response, but is due to the 
decrease in sensitivity which can occur when the signal-grid circuit is tuned to the 
oscillator frequency — owing to grid damping in a severe case, or out-of-phase os- 
cillator injection in other cases. Thus as the signal-circuit tuning initially approaches 
the correct setting the gain rises, decreases again when the separation from the os- 
cillator frequency is small, and then rises to the correct peak. In a sensitive receiver 
the illusion of correct alignment on the wrong peak is heightened by an increase in 
the level of the background noise due to the increased receiver sensitivity hear the 
image frequency. 

B. Operating conditions 

Converters can be set up for operation on the short-wave band in a manner similar 
to that described for the broadcast band. However additional steps are' also worth- 
while. Particularly when harmonic mixing — see C(4) below — is being used, 
it is advisable to investigate the effects of different values of oscillator-grid resistor. 
To avoid varying two quantities at the same time the oscillator voltage should be kept 
as constant as possible while the value of the grid leak is altered, and readings should be 
taken at least at each end of the short-wave band. After the optimum grid leak 
value has been chosen, previously selected operating potentials should be rechecked. 

When the converter is a type with inner-grid oscillator voltage injection, improved 
sensitivity may be obtained with the oscillator operating at a lower frequency than 
the signal instead of under the more usual higher frequency condition. 

In Sect. 1 of this chapter it was explained that the space charge in front of the signal 
grid develops a voltage at oscillator frequency on the signal grid and that this voltage, 
depending upon its phase, increases or decreases the oscillator-frequency modulation 
of the electron stream. In a particular case with the oscillator at a higher frequency 
than the signal, the tuned circuit connected to the signal grid would present capacitive 
reactance to the oscillator voltage. A positive increment of oscillator-grid voltage 
increases the current flow and thus increases the space charge in front of the signal 
grid, i.e. the space charge becomes more negative. Since there is capacitive reactance 
between the space charge and signal grid and between signal grid and ground, a 
negative increment of space charge potential results in a (smaller) negative increment 
of signal-grid potential. Thus a positive change in potential on the oscillator grid 
results in a negative change in potential on the signal grid, so that the effective os- 
cillator modulation is reduced with a consequent reduction in sensitivity. 

However when the oscillator is operated at a lower frequency than that of the signal, 
the signal-grid circuit presents an inductive reactance to the oscillator voltage and the 
phase of the oscillator voltage on the signal grid is reversed. Thus the effective 
modulation of the electron stream is increased and sensitivity is improved. 

In practice, if neutralizing is not used, an improvement in sensitivity of two or three 
times is sometimes obtainable by changing from high-frequency to low-frequency 
oscillator operation, with an increase of the image ratio in the same proportion. The 
improvement in sensitivity and image ratio decreases towards the low-frequency end 
of the short-wave band as the separation between signal and oscillator circuits (i.e 
the intermediate frequency) becomes a larger fraction of the oscillator frequency 

For correct tracking with the oscillator on the low-frequency side of the signal, 
the padder is moved from the oscillator to the signal-frequency circuit(s) but this 
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does not introduce serious complications. However, a large band coverage is more 
difficult with the oscillator on the low side because the oscillator circuit covers a greater 
frequency ratio than the signal circuit, whereas on the high side it covers a smaller 
ratio. 

It is possible for external coupling between oscillator and signal circuits to exceed 
that which occurs due to internal coupling in the converter itself and it is advisable 
to check that the external coupling is negligible before investigating the effects of 
low-side and high-side oscillator operation. A valve voltmeter can be used across 
the circuit and the variation of the indication as the signal circuit is tuned through the 
oscillator frequency, with the circuit connected to and disconnected from the signal 
grid, shows the relative amount of coupling due to internal and external sources. 

A further desirable step in the investigation of short-wave performance is the de- 
termination of the best sensitivity that can be obtained by adjustment of the magnitude 
and phase of the oscillator voltage on the signal grid. This can be done by using a 
very small capacitor, variable in order to adjust the amplitude of the oscillator voltage, 
and connected between either signal-grid and oscillator grid or signal-grid and os- 
cillator plate to vary the phase of the oscillator voltage. In the absence of appreciable 
coupling within the receiver, some increase in sensitivity is usually obtained with 
a particular value of neutralizing capacitor, because maximum sensitivity is obtained 
not when the oscillator voltage on the signal grid is a minimum but when it is the 
correctly-phased maximum that can be present without signal-grid current flowing. 

Thus, when using a plate tuned triode-hexode converter, it may be found experi- 
mentally that sensitivity is improved at 18 Mc/s with a 0.5 /x/*F capacitor connected 
between oscillator grid and signal grid. In such a case it is usually possible to obtain 
a capacitance of approximately the correct value without using a separate component 
by a suitable arrangement of the wave-change switch wiring. 

However, when neutralizing is used, a measurement should be made of the effect 
of the neutralizing capacitance on the frequency stability of the receiver at 18 Mc/s. 
In general, sensitivity improvements due to oscillator voltage on the signal-grid must 
be offset against decreased frequency stability. The frequency shift in pentagrid 
converters of the 6SA7 type increases so rapidly with increased capacitance between 
signal-grid and oscillator grids that a neutralizing capacitance cannot be used in a 
normal short-wave receiver if a.v.c. is applied to the control grid. 

Unless special precautions are taken, grid current variations over the short-wave 
band are greater than desired. The increase at the high-frequency end of the band 
occurs because, although the coupling between primary and secondary of the oscillator 
coil which is required to maintain oscillation is reduced, the actual coupling remains 
unchanged. A small resistor (say 25 ohm £ watt) wired between the tuned circuit 
and the oscillator grid is the usual method of obtaining reasonably uniform grid current 
over the band. The effective parallel circuit damping of the resistor in series with 
the capacitance of the oscillator grid is inversely proportional to the square of the 
frequency so that a large reduction in grid current can be obtained at the high-fre- 
quency end of the band without noticeably affecting the grid current at the low- 
frequency end. 

Such a resistor is sometimes also required to prevent squegging of the local oscillator 
when the amplitude of oscillation is high and the time constant of the oscillator grid 
circuit is much greater than the time required for one cycle of the oscillator frequency. 
For further information on squegging see Chapter 35 Sect. 3(vi)C and Ref. 73. 

C. Frequency stability 

All the problems of frequency stability experienced with a separate oscillator (see 
Chapter 24) occur when the oscillator section of a converter is used as the local os- 
cillator in a superheterodyne receiver and in addition there are further causes of 
instability due to interaction between the oscillator and mixer sections of the valve. 

1. Frequency variations due to the local oscillator 

Local oscillators are always self-biased triodes so that the only potential applied to 
the circuit from external sources is the plate-supply voltage. Two common types 
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of frequency instability are due to this link with the rest of the receiver. The first 
is " flutter " due to fluctuations in the B supply voltage as a result of the output-valve 
current varying at audio frequencies. These fluctuations vary the oscillator frequency 
so that the signal is continually detuned, giving a-f signals which make the " flutter " 
self-sustaining. The mechanism of " flutter " is more fully described in Chapter 35 
Sect. 3(vi)B and methods of overcoming it are given. 

The second detuning effect for which the B supply is responsible is due to the ap- 
plication of a.v.c. to the controlled stages of a receiver. This reduces the B current, 
causes the B voltage to rise, and thus produces detuning which will vary, for instance, 
with the instantaneous level of a fading station. 

Although in a particular case the detuning may not be sufficient to produce the 
symptoms described, it may still give unpleasant tuning at the high-frequency end 
of the short-wave band, a typical effect being that the receiver does not tune smoothly 
but jumps from one side of a signal to the other. 

When testing for these effects, modulated and unmodulated signals of magnitudes 
varying from maximum to minimum should be used at the highest tuning frequency 
of the receiver and the volume control setting should also be varied. If equipment 
for measuring frequency shift is not available a useful test is to tune the receiver as 
accurately as possible to a large signal (perhaps 0.1 volt) with the volume control 
suitably retarded and then reduce the input to the smallest usable signal and turn 
up the volume control. If the signal is still tuned, frequency shift may be considered 
satisfactory. The test should be repeated with different signal inputs in case positive 
and negative frequency shifts should cancel over the range of inputs first selected 

If flutter occurs on a large unmodulated signal there are circumstances under which 
it can be ignored. When the modulation is switched on it may be found that the 
output valve is severely overloaded, and that when the volume control is turned down 
to give no more than full a-f output the flutter may not occur. In such a case the 
flutter would not be noticed in normal use of the receiver and if a cure cannot be 
effected cheaply it may not be warranted. 

In practice it is found that frequency stability can often be improved by the simple 
expedient of increasing the oscillator grid current. In one particular triode-hexode 
the 18 Mc/s frequency shift for a given change in control grid bias was reduced to one 
tenth by increasing the oscillator grid current from 200 to 600 /xA. Frequency shift due 
to other causes, and with other types of converters can be improved in the same way, 
although in varying degrees. The improvement may of course have to be offset 
against a decrease in sensitivity and an increase in noise. 

A third type of oscillator frequency instability due to the B supply is experienced 
in F-M receivers. If there is a hum voltage superimposed on the B supply to the 
oscillator plate this will produce frequency modulation of the local oscillator, and the 
F-M detector will convert the resultant hum modulation of the signal carrier into 
a-f hum. 

2. Frequency variations due to the mixer 

The space charge adjacent to oscillator electrodes in a converter valve can be varied 
by altering the potentials on mixer electrodes. This, of course, gives rise to oscillator- 
frequency variations. The mixer screen voltage is particularly important because one 
of the two grids comprising the screen is adjacent to an oscillator electrode, so that it 
is desirable to keep this voltage as constant as possible. This frequentiy necessitates 
a separate decoupling resistor and capacitor for the converter screen because with a 
common supply to converter and i-f amplifier screens the application of a.v.c to the 
i-f amplifier (even if the converter stage is not controlled) alters the mixer screen 
voltage and thus causes frequency shift. On rare occasions this shift may be used to 
offset another in the opposite direction due to a different effect. 

When frequency shift is troublesome it is desirable to isolate each of the causes 
and determine its direction, as cancellation is sometimes possible even if a complete 
cure is not. 

The effects upon oscillator frequency of varying a.v.c. voltages applied to a signal- 
grid electrode are more complex. With either outer-grid or inner-grid oscillator 
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injection a space charge adjacent to the oscillator grid can be varied by altering the 
direct potential applied to the signal grid. That this is not always the main source 
of frequency drift can be seen in some receivers with this type of instability by measur- 
ing the frequency shift for a given change in converter a.v.c. voltage with the signal 
generator connected firstly to the aerial terminal and then to the converter grid. It 
may be found that the frequency shift in the former case is many times that with the 
signal generator connected to the converter-grid, and it may even be in the opposite 
direction. 

This type of instability is due to coupling between oscillator and control-grid 
circuits. In Sect. l(iv)B of this chapter it is explained that at high frequencies it is 
usual for oscillator voltage to appear at the signal-grid of the converter. Coupling 
between signal- and oscillator-grid circuits results in some of this voltage being 
returned to the oscillator circuit and, in a manner similar to the operation of a re- 
actance-tube modulator, this results in a modification of the effective capacitance at 
the oscillator grid. A constant variation of this capacitance would be of no signific- 
ance, but any alteration of converter operating conditions which resulted in a variation 
of oscillator voltage on the signal grid, e.g. the application of a.v.c. voltages, would 
alter the effective reflected capacitance at the oscillator grid and thus cause oscillator 
frequency shift. (Ref. 87). 

With a given set of conditions the simplest method of curing this type of fre- 
quency shift is usually to minimize the coupling between oscillator and signal grid 
circuits. In general, coupling is capacitive, partly within the valve and partly ex- 
ternal to it. In most modern valves the internal capacitance is not troublesome and 
to effect a cure it may be necessary to separate short-wave aerial and oscillator coils 
from each other, to separate the wiring from the two grids or from the two sections of 
the gang condenser, and to use wave-change switch contacts on the opposite side of 
the wafer. In the particular case of the 6BE6, it is desirable to reduce the external 
capacitance between the two grids of the valve to 1 /x/iF or less. 

Another possible cure for this type of frequency shift is the use of harmonic mixing, 
in which the frequency difference between signal and oscillator circuits is so great 
that no significant amount of oscillator frequency voltage appears on the signal grid. 

3. Tuned-plate operation 

An analysis of tuned-grid and tuned-plate oscillators (Chapter 24 Sect. 2) shows 
the differences between the two types of operation. However, it is mainly because 
of the structure of some types of converters that tuned-plate operation is preferable. 
When the oscillator section of a converter has a common electron stream with the 
mixer section, the oscillator-plate electrode is designed to modulate the electron 
stream as little as possible since modulation by the oscillator plate cancels that from 
the oscillator grid. It is also desirable in equipment design to keep the oscillator 
plate alternating voltage as small as possible. With a tuned-grid oscillator, the plate 
voltage is smaller than the grid voltage and the reverse is the case with a tuned-plate 
oscillator. Accordingly, tuned-grid oscillators are always used for converters having 
a common electron stream for the oscillator and mixer sections. 

Triode-hexode and triode-heptode converters have a separate triode for use as a 
local oscillator, and oscillator injection into the mixer section is carried out by a special 
injector grid which is in most cases internally connected to the oscillator grid. The 
capacitance and coupling effects of the injector grid are thus introduced into the 
oscillator circuit, and if a tuned-grid oscillator is used they appear direcdy across the 
tuned circuit. 

However with a tuned plate oscillator these effects are coupled to the tuned circuit 
from the oscillator primary winding and their effect is thus minimized. An im- 
provement in oscillator frequency stability, with respect to the effect of a.v.c. applica- 
tion to the signal grid, of five times has been measured with a typical triode-hexode 
on converting from a tuned-grid to a tuned-plate oscillator, while frequency shift 
for a given change in B supply voltage was halved under the same conditions. 

4. Harmonic mixing 

Many of the difficulties experienced in high-frequency applications of converters 
are due to the small percentage of frequency difference between the oscillator and 
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signal-frequency circuits. It was shown in Sect. 1 of this chapter that a sinusoidal 
oscillator voltage applied to the injector grid of the mixer section can also give mixing 
at harmonics of the oscillator frequency. By taking advantage of this inherent con- 
verter characteristic it is possible to separate widely the resonant frequencies of the 
oscillator and signal frequency tuned circuits and thus eliminate many difficulties 
in high-frequency converter applications. 

There are disadvantages to harmonic mixing but in some cases they are outweighed 
by the advantages to be obtained. Firstly there is some loss in sensitivity over a part, 
at least, of the tuning range and secondly there are spurious responses due to incoming 
signals mixing with the oscillator fundamental. 

With careful design the loss in sensitivity is small. In the normal 6 to 18 Mc/s 
short-wave range it will probably not be greater and may be less than 2 db from 10 
to 18 Mc/s. The maximum loss is usually at 6 Mc/s, and should not exceed 3 db, 
about 2 db or less being normal. Even when the converter is the first valve in the 
receiver no serious decrease in signal-to-noise ratio of the complete receiver should 
be experienced. 

Because Oa a number of secondary effects which occur with harmonic mixing, this 
performance is better than would be expected from an investigation of maximum 
second harmonic conversion transconductance alone, although it presupposes that 
the best conditions for harmonic mixing are used. It will be found that higher grid 
current is necessary, particularly at the low-frequency end of the band, and a lower 
value of grid leak than normal is often useful in obtaining maximum sensitivity. In 
general, it is desirable to investigate the converter conditions carefully, as described 
previously, and for satisfactory performance inner-grid mixers should operate with 
the second harmonic of the oscillator on the low-frequency side of the signal. 

The reason for this is as follows. The modulation of the electron stream by grid 1 
gives a transconductance-time curve similar to Fig. 25.1B, and the space charge in 
front of the signal grid fluctuates at the same rate. This fluctuation, although of the 
same frequency as the local oscillator, has large harmonic components and since the 
space charge is coupled capacitively to the signal-grid circuit and this is tuned ap- 
proximately to the second harmonic frequency, most of the voltage induced into the 
signal-grid circuit is at the frequency of the second harmonic of the oscillator. This 
second harmonic voltage remodulates the electron stream with a phase which depends 
on whether the signal frequency circuit has capacitive or inductive reactance at the 
second harmonic frequency so that the re-modulation aids or opposes, depending on 
its phase, the original second-harmonic modulation by grid 1. For inner-grid in- 
jection converters, the oscillator second-harmonic frequency should be lower than the 
signal frequency for aiding re-modulation. 

It will be found that with harmonic mixing the same padder can be used as that 
required for the same frequency coverage with fundamental mixing. 

Although the spurious responses which arise due to fundamental mixing are a 
disadvantage of harmonic operation, a tuned r-f stage ahead of the converter will 
reduce them to negligible proportions, not greater than — 60 db in a typical case. 
Moreover, even when fundamental mixing is used there are responses, although 
smaller ones, due to signals mixing with the oscillator harmonics. Fundamental 
spurious responses 30 db below the signal could be taken as representative of receivers, 
without a r-f stage, using second-harmonic mixing so that these responses cause 
appreciably less interference than the normal image. 

The benefits to be obtained from harmonic mixing are evident when operating, 
for example, the 1R5 converter on the 6 to 18 Mc/s short-wave band. Because the 
1R5 has no separate oscillator-plate electrode, an oscillator circuit is often used in 
which the screen is connected to the oscillator primary winding to operate as the 
oscillator plate. A neutralizing capacitor is then needed between signal grid and 
oscillator grid and the determining of a suitable capacitance and its tolerances, the 
minimizing of coupling between signal and oscillator circuits and the stabilizing of the 
oscillator with reference to supply-voltage variations involve a considerable amount 
of work, as does the duplicating of the results in production receivers. 
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However, with harmonic mixing neutralizing is not required. This is because a 
neutralizing capacitor is used with a 1R5 to balance-out the grid 3 oscillator voltage 
due to internal capacitive coupling from grids 2 and 4 and not due to space charge 
coupling. Since the oscillator frequency voltage on grids 2 and 4 is developed across 
a tuned circuit the harmonic content is low, and thus with harmonic mixing the 
second harmonic voltage developed on grid 3 is low. Moreover, no other voltages 
of any magnitude appear on grid 3 because, at frequencies other than those in the 
vicinity of the oscillator second harmonic, the impedance between grid 3 and ground 
is small. 

Thus a major difficulty experienced with fundamental oscillator frequency voltage 
on the control grid, is eliminated by harmonic operation. On the other hand the 
small amount of second-harmonic voltage that does appear on the grid 3 cannot be 
neutralized because no source consisting only of second harmonic voltages is available. 

Another feature of harmonic operation of the 1R5, and similar types of converters, 
is that sensitivity is increased by negative input impedance at high frequencies due 
to a negative transconductance between the signal grid and screen and to large capacit- 
ance between these electrodes. The oscillator primary winding acts as a capacitive 
load at signal frequencies and feedback through the inter-electrode capacitance 
produces negative resistance across the signal-grid circuit. 

In a normal case, the amount of regeneration is small, but if there is an unusually 
large impedance in the screen circuit, e.g. if a very large oscillator primary winding is 
used, the regeneration may become excessive. 

The regeneration is not usually noticed when the oscillator fundamental is used 
for mixing because, as the screen circuit impedance is increased, the feedback of 
oscillator frequency voltage from screen to signal grid becomes excessive before 
noticeable signal-frequency regeneration occurs. 

Another aspect of harmonic mixing, common to all types of converters, is that 
because the signal and oscillator circuits are tuned to. widely differing frequencies, 
coupling between the two circuits can be ignored and variations of coupling within 
the valve due to changing electrode potentials have litde effect on the frequency of the 
local oscillator. The improvement in stability during alignment is very noticeable 
and in most cases the need for rocking the tuning control while aligning the short- 
wave aerial trimmer disappears. 

Frequency stability due to effects such as varying oscillator-input capacitance 
is not improved by harmonic oscillator operation because in general the oscillator 
tuning capacitance is unchanged at a given signal-frequency setting so that for a given 
capacitance change the frequency change is proportional to frequency. Although 
the oscillator operating on half the normal frequency has half the normal shift, the 
second harmonic will be no more stable than an oscillator fundamental on the same 
frequency. 

(iii) Types of converters 

A. Outer-grid oscillator injection 

Converters using outer-grid oscillator injection always have a separate oscillator 
section and are characterized by relatively good oscillator-frequency stability, re- 
lative freedom from interaction between oscillator and signal circuits on high fre- 
quencies and positive input loading of the signal-grid circuit, which increases in 
proportion to the square of the frequency. 

In the absence of undesired coupling between signal and oscillator-grid circuits, 
improved sensitivity will be obtained on short waves with these types by operating 
the oscillator at a higher frequency than the incoming signal. 

(1) Type 6J8-G : The electrode arrangement of the triode-heptode type 6J8-G 
is shown in Fig. 25.23. This converter is very stable in operation which makes it 
useful in dual-wave receivers in spite of its low conversion transconductance. It 
has a high plate resistance (4 megohms) under recommended operation conditions 
so that the use of a high impedance first i-f transformer is more effective in increasing 
conversion gain than in the case of other converter types, for example the 6A8-G. 
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It is desirable not to apply a.v.c. to the 6J8-G on short waves if this is possible, 
but if a.v.c. is used a tuned-plate oscillator circuit will greatly improve the frequency 
stability. 

(2) Types 6AE8, X79 and X61M : The electrode arrangements of these triode- 
hexodes is similar to that of Fig. 25.23 but there is no suppressor grid adjacent to the 
plate. Because of this it is necessary in circuit design to avoid conditions which may 
lead to secondary emission from the hexode plate to the screen. 

Frequency stability with respect to B voltage variations is good* although it is de- 
sirable to use plate tuning of the oscillator if a.v.c. is applied to the hexode section 
on short waves. The conversion transconductances are high (approximately 750 
micromhos with 2 volts bias and a screen voltage of 85) and few special precautions 
are required to obtain non-critical operation and good performance on the broadcast 
and short-wave bands. 
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Fig. 25.23. Electrode 
arrangement of the triode- 
heptode type 6J8-G. 



Fig. 25.25. Electrode ar- 
rangement of the pentagrid 
type 6AS(G). 



The operating characteristics of most outer-grid injection triode-hexodes are similar 
to those of the above types, 

B. Inner-grid oscillator injection 

Converters using inner-grid oscillator injection, with the exception of the 6K8(G), 
have combined oscillator and mixer sections using a common cathode stream. In 
general the oscillator frequency stability is poorer than that of outer-grid injection 
types and coupling between control and signal grids is greater, although modern 
valves are much improved in these respects. Under maximum gain conditions the 
input loading of the signal grid is negative but becomes less negative and ultimately 
positive as the signal grid bias is increased. 

To obtain maximum short-wave sensitivity without neutralizing, the oscillator 
should operate on the low-frequency side of the signal. 

(1) Type 6A8-G : The structure of the pentagrid (or heptode) type 6A8-G is 
shown in Fig. 25.25. It wiU be noticed that the oscillator plate consists only of two 
side rods without a normal gi id winding, and that there is no suppressor grid, which 
leads to a low plate resistance (0.36 megohm under typical operating conditions). 
Nevertheless the conversion transconductance of 550 micromhos is sufficient to give 
reasonable conversion gain. 

When used with high impedance i-f transformers the 6A8-G may introduce some 
grid loading at the low-frequency end of the broadcast band due to feedback (Miller 
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Effect) from the plate circuit to the control grid through the relatively high (0.26 nfiF) 
plate-to-grid capacitance. This effect is normally only just noticeable but may be 
aggravated by locating the 6A8-G against the back of the signal-frequency section 
of the tuning condenser so that appreciable capacitance is present between the plate 
of the valve and the stator assembly of the gang. The effect shows up as apparently 
poor aerial coil gain so that the cause may not be suspected. It is not of course peculiar 
to the 6A8-G but the already high plate-to-grid capacitance, the size of the valve and 
the lack of internal or external shielding make the effect more likely to occur with this 
type. The effect may be minimized by external shielding of the valve. 

Part of the oscillator plate (grid 2) current is due to electrons which have passed 
from the cathode through grids 1 and 3 and then been repelled by grid 4 back through 
grid 3 to grid 2 again. The oscillator characteristics and thus the oscillator frequency 
stability are therefore very dependent on the potentials applied to grids 2, 3 and 4 and, 
for short wave operation, a.v.c. should not be applied to the valve. In addition it 
may be necessary to decouple the oscillator-plate voltage supply with an electrolytic 
capacitor and even to obtain it directly from the rectifier output — suitably decoupled 
to eliminate hum — in order to avoid feeding a-f variations from the output valve back 
to the oscillator plate and thus causing flutter. 

To obtain consistent performance it is desirable to keep the oscillator-plate voltage 
higher than the screen voltage. 
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Fig. 25.26. Electrode or- Fig. 25.27. Electrode ar- 

rangement of the triode- rangement of the pentagrid 

hexode type 6K8(G). type 6SA1(GT). 

(2) Type 6K8-G : The structure of the inner-grid injection triode-hexode type 
6K8-G is shown in Fig 25.26. It was designed to provide more stable short-wave 
performance than the 6A8-G and has a higher oscillator transconductance and operates 
with lower oscillator excitation. Its lower conversion transconductance (350 mic- 
romhos) gives a lower conversion gain than that obtainable from the 6A8-G although 
the plate resistance (0.6 megohm) is higher. 

A.V.C. can be applied to the 6K8-G on short-waves but the frequency stability 
with respect to changes in other electrode voltages is only fair. 

(3) Types 6BE6 and 6SA7(GT) : The main point of interest in the structure 
of the pentagrid types 6BE6 and 6SA7(GT), Figs. 25.27, and 25.29 is that there is no 
electrode which functions only as an oscillator plate. 

By the omission of this electrode, it is possible to obtain a relatively high oscillator 
transconductance, without greatly increasing the total cathode current. 

The oscillator circuits employed with these types have certain unconventional 
features and Fig. 25.28 may be taken as typical. The lack of a separate oscillator 
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plate results in certain disadvantages in short-wave performance but because a voltage 
supply is required for one less electrode than usual the cost of components required 
is a minimum. The main difference between the 6BE6 and the 6SA7(GT) is the 
considerably higher oscillator transconductance of the 6BE6, due to the use of a 
formed No. 1 grid in this type. 

When the circuit of Fig. 25.28 is used, the oscillator provides peak plate current 
at the instant when the oscillating voltage (E k ) on the cathode (with respect to ground) 
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Fig. 25.28. Typical self-excited converter circuit for type 6SA7(GT). 



and the oscillating voltage (2?„) on the No. 1 grid are at their peak positive values. 
For maximum conversion transconductance this peak value of plate current should 
be as large as possible. The effect on plate current of the positive voltage on the 
cathode is approximately the same as would be produced by an equal voltage of 
negative sign applied to the signal grid. Hence the amplitude of oscillator voltage 
on the cathode limits the peak plate current. This amplitude should therefore be 
small. 




Fig. 25.29. Electrode arrangement of 
pentagrid type 6BE6. 



During the negative portion of an oscillation cycle the cathode may swing more 
negative than the signal grid. If this occurs, positive signal-grid current will flow 
unless the oscillator grid is sufficiently negative to cut-off the cathode current. This 
signal-grid current flowing through the signal-grid circuit resistance will develop a 
negative bias on the signal grid and may also cause a negative bias to be applied to the 
i-f and r-f stages through the a.v.c. system. As a result, sensitivity will be decreased. 
In order to prevent signal-grid current, the d.c. bias developed by the oscillator grid 
should be not less than its cut-off value. 



1000 (iii) TYPES OF CONVERTERS 25.2 

Because the peak plate current depends on how far positive the oscillator grid 
swings with respect to the cathode, it is desirable that this positive swing be as large 
as possible. It follows that the oscillator grid-leak resistance should be low, but 
not so low as to cause excessive damping of the tank circuit. It has been found, 
for operation in frequency bands lower than approximately 6 Mc/s, that all these 
requirements are generally best satisfied when the oscillator circuit is adjusted to 
provide, with recommended values of plate and screen voltage, a value of E k of ap- 
proximately 2 volts peak, and a d.c. oscillator-grid current of 0.5 mA through a grid- 
leak resistance of 20 000 ohms. This will give a peak positive voltage of the oscillator 
grid with respect to cathode of about 4 volts 

On the normal short-wave band of 6 to 18 Mc/s, minimum grid current occurs 
at the low-frequency end of the band and the design procedure consists in adjusting 
the oscillator circuit so that sufficient grid current (200 pA minimum) is obtained at 
6 Mc/s without developing excessive cathode voltage (approximately 2.5 volts rjn.s. 
maximum) at 18 Mc/s. The oscillator-grid bias is then somewhat less than cut-off 
at 6 Mc/s, but the signal-grid current should not be so high as to cause trouble. 
Oscillation at the high-frequency end of the band however, may be greater than 
optimum unless a grid stopper is used, but over-excitation will improve frequency 
stability. 

If, for manufacturing reasons, the use of a tapped coil is not desirable, a normal 
primary winding can be used for the cathode connection, although it will be necessary 
to reverse the connections from those for a plate-tickler oscillator. This coil arrange- 
ment allows one side of the padder to be grounded. 

Another method of connection which is satisfactory for the broadcast band is to use 
a plate-tickler oscillator circuit with the screen electrode as the oscillator plate and the 
cathode grounded. This connection can also be used on the short-wave band but 
the interaction between signal and oseillator circuits causes severe pulling and other 
associated troubles. A neutralizing capacitor between signal and oscillator grids 
will minimize these effects — neutralizing is not recommended with a cathode-coupled 
oscillator — and an alternative system is the use of harmonic mixing. 

Whenever the screen is connected to an oscillator primary winding the oscillator 
voltage on this electrode must be kept to a minimum, i.e. primaries must have as few 
turns as possible with maximum coupling to secondaries. In addition, it is often 
desirable to use a small carbon resistor in series with the oscillator grid electrode to 
prevent the oscillator voltage on the screen from rising excessively at the high-fre- 
quency end of the band. The reasons are, firstly, that modulation by the oscillator 
voltage on the screen is out of phase with the modulation due to the oscillator grid, 
which decreases conversion sensitivity and, secondly, that as the signal grid is between 
the two electrodes forming the screen a large oscillator voltage on the screen results, 
through capacitive coupling, in a comparatively large oscillator voltage on the signal 
grid, particularly on short waves. This voltage can be neutralized, but normal 
neutralization is effective for only one frequency and set of operating conditions and 
when a large amount of neutralization is used and a balance between two large equal 
and opposite voltages is obtained, any small change in conditions results in a large 
oscillator voltage reappearing on the signal grid. 

The arrangement of shields on grid 2 and of the siderods of grid 3 make the oscillator 
section of these types much more stable with respect to electrode voltage variations 
than the 6A8-G, and it can be used satisfactorily with a.v.c. applied on short waves. 

Nevertheless in any short-wave application care must be taken to reduce to a mini- 
mum any coupling between signal and oscillator grids if frequency stability is to be 
satisfactory. In the case of the 6BE6, the external capacitive coupling between 
oscillator and signal grids should be limited to 1 /^F for satisfactory short wave per- 
formance. 
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FIG. 25.31 



Cn" Neutralising Capacity 
FIG. 25.32 



Fig. 25.31. Self-excited 1R5 converter Fig. 25.32. Circuit for short-wave oper- 
circuit. ation of 1R5 converter. 



(4) Type 1R5 : The electrode structure of the 1R5 is similar to that of the 6BE6 
and 6SA7(GT) without the shields on grid 2, and with a filament instead of the heater 
and cathode. Circuits for use with the 1R5 are complicated by the lack of a separate 
cathode electrode but this may be overcome by using a choke as shown in Fig. 25.31 
Alternatively the choke may be omitted and a filament lead returned to A+ through 
a separate winding of the same number of turns as, and wound over the tapped section 
of, the oscillator coil. 

However, neither of these circuits is satisfactory on short waves if the full range — 
6 to 18 Mc/s — is to be covered, and even on the broadcast band there may be diffi- 
culty in obtaining sufficient grid current. The circuit of Fig. 25.32, with or without 
the padder feedback shown, is more suitable. 

Neutralizing is desirable on short waves if conversion is carried out with the oscillator 
fundamental. The neutralizing capacitor should be connected across the short-wave 
coils only, because a different value is normally required on the broadcast band, and 
oscillator voltage on grid 3 is usually less with no neutralizing than with the capacitance 
(from 2 $ to 5 /x^F) required on short waves. 

The purpose of the neutralizing capacitor in a circuit such as Fig. 25.32 is not so 
much the balancing out of oscillator voltage due to the space charge in front of grid 3, 
but the neutralizing of a voltage due to capacitive coupling between grid 3 and grids 
2 and 4. Therefore, as previously mentioned, it is essential to reduce the oscillator 
voltage on the screen to the lowest practicable value. 

If there is a tendency for the 1R5 to squeg at the high-frequency end of the short- 
wave band it is often possible to save the small carbon resistor in the oscillator grid 
lead, which is the usual cure, by reducing the value of oscillator grid leak to say 30 000 
ohms or slightly lower. This frequently increases sensitivity, other conditions being 
unchanged, and it is worth trying even if there are no signs of squegging. In most 
receivers the oscillator grid circuit damping caused by the low value of oscillator 
grid leak or by the grid stopper is desirable to reduce the oscillator voltage on the 
screen of the converter at the high-frequency end of the band with a consequent im- 
provement in sensitivity. 

A very satisfactory way to operate the 1R5 is to use harmonic mixing as described 
previously. The increased freedom in layout, the increased stability in all respects — 
which simplifies production alignment — and the removal of the need for neutralizing 
more than compensate for the slight disadvantages which in any case are of little 
importance if the receiver has a r-f stage. 
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SECTION 3 : SUPERHETERODYNE TRACKING 

By B. Sandel, A.S.T.C. 

(0 General (ii) (A) Formulae and charts for superheterodyne oscillator design 
(B) Worked examples (Hi) (A) Padded signal circuits (B) Worked example. 

(i) General 

The problem of tracking (whether it be in a straight or a superheterodyne receiver) 
is to set, simultaneously, to some desired resonant frequency, each of a series of tuned 
circuits which are mechanically coupled together and operated from a single control. 
In a superheterodyne receiver the problem is one of maintaining a constant fre- 
quency difference (equal to the intermediate frequency) between the signal circuits 
(such as the aerial and r-f stages) and the oscillator circuit. It is a relatively simple 
matter to make the difference between the signal and oscillator frequency equal to 
the i-f at two points in the tuning range. This condition is called two point tracking, 
and is applied whenever the error in frequency difference between the circuits does not 
become a large percentage of the total pass band. Where the tuning error is likely 
to become excessive, it can be reduced by the addition of another component, in the 
form of a capacitor or inductor, into the oscillator or signal circuits. In this case it is 
possible to proportion the circuit components so that zero frequency error exists 
between the intermediate frequency and the difference between the signal and os- 
cillator circuits at three frequencies in the tuning range, instead of two ; furthermore 
the error at frequencies between the tracking points is appreciably reduced. 

The most usual application of three point tracking has been in receivers covering 
the standard long, medium and short wave bands, and where the tuning element is a 
variable capacitor. For this reason attention will be confined to this system of tuning 
and a suitable design method will be detailed. Those interested in tracking per- 
meability tuned circuits are referred to the articles of Refs. 107 and 111. These 
give a method of three point tracking using identical variable inductors in the signal 
and oscillator circuits. 

It is necessary to point out 
that the theoretical solutions, 
so far published, of the three 
point tracking problem are all 
idealized in so far that they 
ignore in part, or completely, 
the effects of primary wind- 
fig.25-33 " ings on the signal and oscilla- 

tor coils. The best approach 
Fig. 25.33. Circuits used for tracking analysts. under these conditions ap- 

pears to be to select a method of determining values for circuit components which 

(a) Does not involve an excessive number of arithmetical operations and will allow 
the use of a slide rule (or four figure logs) for all calculations, except in special cases. 

(b) Gives values for the components that fall within a few per cent of those actually 
required in the circuits. 

(c) Allows the change required in other circuit components to be rapidly estimated, 
when the value of one component in the circuit is changed by an amount which falls 
within a previously determined range of values. 

(d) Lends itself to graphical methods of estimating the component values. 
After the component values have been calculated it is usually advisable to build 

a pilot model receiver in which the values of all the elements (padder, coils and trim- 
mers) can be varied over a small range (say ±10%). In this way it is a fairly simple 
matter to secure tracking at the three points required, and at the same time to de- 
termine what tolerances are permissible in the component values before mistracking 
becomes excessive. Fixed padders and coils can then he used for further models 
of the same receiver ; although production difficulties can be reduced by using 
*' slug " inductance variation in the oscillator coils as well as the usual variable parallel 
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capacitance trimmers in the oscillator and signal circuits (many receiver manufacturers 
also use " slug " tuning of the signal circuits). 
A few points which may be of interest are : 

(1) The tracking error on the broadcast bands need not exceed a few Kc/s e.g. 
the error between tracking points need not exceed about 3 Kc/s on the 540-1600 Kc/s 
medium wave band using tracking frequencies of 600, 1000 and 1400 Kc/s. This 
error is negligible, in most cases, since the oscillator tuning takes charge and the lack 
of alignment affects the aerial and r-f circuits which are relatively unselective. 

A typical curve of tracking errors is shown in Fig. 25.34. 

(2) High impedance primaries, on the aerial and r-f coils, are practically always 
used in modern receivers covering the medium waveband. The coefficient of coup- 
ling in aerial and r-f coils, and the location of the primary resonant frequencies have 
very important effects on tracking. Suitable values for these factors are discussed 
in Chapter 23, Sects. 2 and 3. 

(3) When a series capacitance (padder) is used in the oscillator circuit only, the 
operating frequency of the oscillator must be higher than the signal frequency if 
three point tracking is to be secured. 

Three point tracking is obtainable if both the signal and oscillator circuits use 
series padders, whether the oscillator frequency is higher or lower than the signal 
frequency provided, of course, that the component values are correcdy proportioned. 
If only the signal circuits are padded the oscillator frequency must be lower than 
the signal frequency to obtain three 
point tracking. 

A typical example of padding of 
the signal and oscillator circuits oc- 
curs in band-spread receivers, where 
the short wave band is covered in a 
number of steps (e.g. 6 bands may be 
used to tune from 6-18 Mc/s), and it 
is required to have approximately 
straight line frequency tuning with a 
standard variable capacitor (i.e. one 
whose capacitance versus rotation 
approximates to a straight-line fre- 
quency law). The tuning law need 
not be linear, however, and the shape of the calibration curve is largely under the 
control of the receiver designer. 

(4) Care is necessary in the placement of components so as to minimize untracked 
stray capacitances. For example, the padder may be placed at the earthy end of the 
oscillator coil to assist in this regard. 

(5) The selection of the best tracking points to give minimum error over a band of 
frequencies has received considerable attention from a number of designers. It 
has been generally accepted that the tracking error is reduced by setting the two outer 
tracking points somewhat in from the band limits, and locating the third tracking 
point at the geometrical-mean frequency (or some frequency near this value) of the 
outer tracking frequencies. However, it has been shown by Green (Ref. 105) that 
the maximum tracking error is reduced by bringing the high frequency point in 
from the band limit, setting the low frequency tracking point at or very close to the 
band limit, and making the third frequency the geometrical-mean of the two outer 
tracking frequencies. It has also been shown that the tracking errors are independent 
of the manner in which the total trimming capacitance is distributed across the os- 
cillator coil and the variable capacitor ; although it should be noted that the manner 
in which these capacitances are distributed can have an adverse effect on the L/C 
ratio, particularly at low frequencies. 

(6) Although the details set out in (5) are of interest they result in additional com- 
plication in the initial receiver design. A more suitable arrangement, for preliminary 
calculations, is to take the band limits as coinciding with the two outer tracking fre- 
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Fig. 25.34. Typical tracking curves. 
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quencies, and make the third point either the arithmetical-mean or geometrical-mean 
of the outer frequencies. This leads to fairly simple design calculations, and gives 
values for the components which are reasonably close to the optimum. The small 
differences in component values required to set to the optimum tracking frequencies 
(or whatever the designer chooses) can then be made experimentally. It should be 
observed that it has been usual to align receivers to tracking points on various bands 
which have been established by long practice as giving sufficiently satisfactory results 
e.g. on the medium wave band 600, 1000 and 1400 Kc/s are in common use, but 
these are a compromise, due partly to a lack of more exact knowledge, and also because 
of the frequency allocations of the main broadcasting stations. If a station were to be 
located at, say, 540 Kc/s then the loss in receiver sensitivity, due to mistracking, 
would be serious if 600 Kc/s were to be taken as the low frequency tracking point. 

(7) The feedback winding on the oscillator coil should be as small as possible, 
consistent with correct oscillator operation, if good tracking is desired. For minimum 
error the oscillator feedback winding should have its natural resonant frequency 
well above the highest oscillator tuning frequency ; this means that stray capacitances 
across the winding should be kept as low as possible. The natural resonant frequency 
is important because the coefficient of coupling between the two oscillator coil wind- 
ings is usually large, and the amount of reactance reflected into the tuned circuit not 
only varies with frequency, but also sets a limit to the maximum possible tuning 
range. The limitation in tuning range is a particularly serious factor in receivers 
covering the short wave range in one band. 

An additional and important reason for making the feedback winding as small as 
possible, is that for good oscillator stability the highest possible coefficient of coupling 
should be used, consistent with the smallest possible value of mutual inductance 
(M = kVTJT,). 

(8) When tracking a superheterodyne receiver at three points in the tuning range 
(we will assume that the Oscillator frequency is higher than the signal frequency) 
it often happens that the centre tracking (crossover) frequency does not fall at the 
frequency required. The question then arises as to how the oscillator series padder 
value should be altered. 

First the signal circuit trimmer capacitance (or inductance) is altered so as to give 
maximum output. If the capacitance was increased then the oscillator series padder 
should be increased. For a decrease in signal trimmer capacitance (or inductance) 
the oscillator series padder should be decreased. 

Complete re-alignment and re-checking is necessary after the padder value has 
been altered and it is important to remember that the oscillator inductance and trim- 
mer capacitance values will also require alteration. This is a simple process when the 
oscillator coil is " slug " tuned, and the trimmer capacitance is adjustable. 

Fig. 25.34 is also helpful in this regard, and the tracking error can be considered 
in terms of L if so desired. It should be clear that if the value of L is increased 
the padder value should be decreased (and vice versa) to retain the desired oscillator 
frequency coverage. 

A good alignment procedure is to set first the signal and oscillator circuits at the 
band limits. Tracking is then obtained at the required points by setting the signal 
generator to the required tracking frequency and rocking the receiver dial while 
altering the oscillator trimmer capacitance (at the high frequency tracking point) 
and the oscillator inductance (at the low frequency tracking point) until maximum 
signal output is obtained. Tracking at the centre frequency can be checked either 
by alteration of the signal circuit trimmers, which have not been altered after the 
initial adjustment at the band limits, or, alternatively, by leaving the signal circuit 
trimmers untouched and rocking the receiver dial while adjusting the oscillator 
inductance (or capacitance) for maximum output. It is preferable to track the os- 
cillator to the signal circuits since these give the required tuning law. A complete 
re-check is always necessary after the initial alignment procedure is completed Of 
course correct tracking can be obtained by a number of methods, but the procedure 
suggested above has proved very satisfactory for receiver development. 



25.3 



(ii) (A) FORMULAE AND CHARTS 



1005 



(ii) (A) Formulae and charts for superheterodyne oscillator design 

The equations quoted below are due to Payne-Scott and Green (Ref. 102) and 
Green (Refs. 103, 105), Design charts are available in the references for the cases 
of arithmetical-mean and geometrical-mean tracking. The charts shown in Figs. 
25.35 to 25.39 are for geometrical-mean tracking only. 

For the circuit arrangements used in the derivation of these equations see Fig. 25.33. 
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Fig. 25.35. Charts giving T e for geometrical-mean tracking. 
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Fi£. 25.36. Charts giving high values of P min for geometrical-mean tracking. 
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Fig. 25.37. Chart giving low values of P min for geometrical-mean tracking. 
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F*>. 25.38. CAarf giving high values of T L for geometrical-mean tracking. 
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Fig. 25.39. Chart giving low values of T, for geometrical-mean tracking. 
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Notation for the equations 

co 1 = 2n x low-frequency tracking point of the signal circuit (A) 
a> 2 = lit x high-frequency tracking point of the signal circuit (/ 2 ) 
co 3 = 2w x third tracking frequency for the signal circuit (/ 3 ) 
oii = 2w x intermediate frequency (/,-) 

<»i /1 
_ oj 8 + q>, _ / 8 + / t 

w i + ">i /,, + /< 

f^3 /s 

7 ~ »1 ~ /l 

L,L = signal and oscillator inductances 

Cj, = incremental capacitance of each section of the ganged capacitors (i.e. 
difference between the maximum and minimum values of the capacitor) 
T = capacitance in signal circuit at signal frequency / 2 (includes gang min. 
cap.) 
T L = fixed capacitance in parallel with L 
T c = fixed capacitance in parallel with G in the oscillator circuit 
P = oscillator padding capacitance. 
When the extreme tracking points do not coincide with the band limits, the follow- 
ing additional notation is required. 

wi = 2n x low-frequency limit of signal band (//) 
o> 2 ' = 2n x high-frequency limit of signal band (/ 2 ') 

> _ *** i£. 

G' m ax — total incremental capacitance of each section of the ganged capacitors 
between signal frequencies // and / 2 ' 
7" = T less the incremental capacitance of each section of the ganged tuning 

capacitors between signal frequencies / 2 and/ 2 ' 
T c ' = T e less the incremental capacitance of each section of the ganged tuning 
capacitors between signal frequencies / 2 and / 2 '. 

Signal circuits : 

For the tracking points coincident with the band limits. 

_ "mag , 

1 ~ a* - 1 ' 

1 25 330 

L = -7p — £~ (or L = _ . , fiii where T is in /i/xF and / is in Mc/s) 
1 « 2 1J% 

Oscillator circuit : 

For the tracking points coincident with the band limits. 



P, 



r - 1 

Gmax 

rp 2 - 1 

_, 1 + 



2(a - j3) 



and 



(j8 - D(« + y) 

2(« - p) 

1 + 



(/3 - 1)(1 + y) 
For the case of arithmetical-mean tracking 

_ a 2 3 + a 1+3/3 
— P ~ p* ' 3 + jS 1 + 3a 
For geometrical-mean tracking (i.e. / 3 = Vfih) 
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_ ^ 2/8 + (1 + j3)a* 

r ,8* ' 2a + (1 + j3)ai 

(a) General formulae for padding and tri mm ing capacitances. 

(1) T e given. 

P = P — T = P ■ 4- T — T 

•*■ ■* max ± c x m«n i^ ■* e - 1 <; 

max 

T - -* 
1 _ P 

x Oil 

(2) r £ given. 
T = P — P = P ■ A- T — P 

± e *■ max x •* mm i - 1 c * • 

Formulae when T L <^ P 



\T C - TA 

( L max J 



P — "min + ^£ 

t, . = t, - r, 



GO" 



error in P is given by — I p- J x 100 per cent. 

J" 2 

error in !T C is given by J" x 100 per cent. 
l x i e 

(b) Formulae for inductance of oscillator coil 

P ■ P 1 



(PmaxX* 1 



T c P* 

"max max 

25 330 x P min P max 
or i^ 



Tc ma P\h + ft) 2 
(capacitances in j^F, frequencies in Mc/s) 
(c) Relations between P max , P mi7l , T , and 7\ 

p , rp max ''max 

max * mtts T -* c 

max ■*■ T 

^max 



(d) Relations between oscillator-circuit components. 

The effect of a change in value of one component of the oscillator circuit on the 
values required for the other components can be found from the following expressions : 
S7\ = - 8P 



SP 



*7 x =(l+^) 

SL„ = -^ SP 

where 8L 0J etc. means a small change in L , etc. These changes must give values 
of P, T e etc. which lie between the limits of the maximum and minimum values 
{Pnaxi Pminy etc.) of the components considered, 
(e) Auxiliary formulae when the outer tracking frequencies do not coincide with 
the band limits 

1 C 

^ max 



\co 2 J * (a') 2 



1 

T 

T \a> 2 

T c — T e " = T — T 
(B) Worked examples 

To illustrate the application of the equations and charts, worked examples are 
appended. 

A tuning capacitor is available having a capacitance range of 12-432 /i/iF. It is 
required to tune over the range of frequencies 530 to 1620 Kc/s s and the i-f of the 
receiver is 455 Kc/s. Determine the component values foi the signal and oscillator 
circuits. 
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For ease of working the outer tracking frequencies will be made coincident with 
the band limits, and the third tracking frequency (/ 3 ) will be taken as the geometrical- 
mean of the outer frequencies (V/iA = 926.6 Kc/s). 
Signal circuits 

G max = 432 - 12 = 420 /x/xF 
. /1620 V 

« 2 -hao) - 9 - 342 

420 
T = _ = 50.24 /a/xF (includes 12 /ziiF gang min. cap. so that 

y.342 — 1 actual trimmer would be 38.24 ppF) 

25 330 1M „ „ 

L = = 192.2 uH 

50.24 x 1.62* ^ 



Oscillator circuit 

= 9.342 ; a* = 1.748 ; 



'1620y _ 



V530/ 
1620 + 455 

"-aoT«- a - 107 " ,, - M "' 

(1 + /5)«* = 5.431 

= » = 9.342R2 X 2.107) + 5.431 1 
r * 4.44 L(2 x 3.056) + 5.431J 
432 - 12 

Pmax = 1158 - 1 = 554 M/lF 

(432 - 12) ^ m ^ 

T e — ,, „- n TTT- ; = 61.7 tiuF 

max (1.758 X 4.44) — 1 

(a) A value for T L (about 8 /x/xF) will be assumed, after preliminary calculation, 
as this is the usual case. 

As obviously T L «< P (Compare 8 /x/xF with P max ) 

Pmin = P max - T Cmax = 492.3 /1/lF 

554 x 61.7°* _ M „ 
^/ = — ttztz — = 69.42 ii/xF. 
i «iai 492.3 

From this it is permissible to estimate T L as 8 /xiiF since this is about the order 
of stray capacitances likely to be across L . Any small error here is unimportant, as 
long as the value chosen for T T is less than T T since this is taken up during circuit 
alignment. 

Hence P = 492.3 + 8 = 500.3 titxF 

T e = 61.7 — 8 = 53.7 iitiF (includes gang min. cap. of 12 /xxtF. 

Actual trimmer would be 41.7 /x/xF) 
25 330 X 492.3 X 554 _ 

(b) L ° _ 61.7 x 500.3* x (1.62 + 0.455)* ~ 103 ' 9 mH 

(c) and (d) 

Suppose now that it is required to make a change in the value of one of the oscillator 
components. What should be the new values of the other components ? 

A good example is the padder ; a more suitable value may be 510 tittF (which lies 
between the maximum and minimum values of 554 xiiiF and 492.3 /xiiF). 

Then 

ST C = -9.7 jk/uF 

8T ^ =o + y^) 9 - 7 = io ^ p 

2 x 103.9 x 9.7 am TT 

8Lo = 5003 = - 4 ' 03 " H - 

So that the new values for the oscillator components arc F — 510 xtitF 
T c = 53.7 - 9.7 = 44 jx/xF 
T, = 8 + 10 = 18 jujuF 
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L = 103.9 - 4.03 = 99.87 M H 
and these values all lie within the permissible range of values, set by the maximum 
and minimum values calculated for P, T L and T e ; denoted by P max > P m i« etc. 

A table showing a series of values between the calculated maxima and minima is 
often very useful. In this way the most suitable component values can be selected. 
Also, three point tracking is still maintained at the selected frequencies with the range 
of component values determined, as the change in values is independent of the track- 
ing and intermediate frequencies provided these remain unaltered. 

The same design problem, previously solved algebraically, will now be carried out 
using the tracking charts. 
Signal circuits 

Procedure exactiy as before. 

Oscillator circuit 

1620 

= 3.056 



530 
1620 + 455 



2.107 



r 530 + 455 

G max = 432 - 12 = 420 /^F 
(a) From the charts : 

° max = 0.15 ; therefore T e = 63 M /xF 



VJ max 

P . 

*■ mm 

"no: 



0.12, therefore P min = 504 nfiF 



= 0.17, therefore T T = 71 /*^F 

■''max 



G 

Pmax = 504 + 63 = 567 wF 
Using T L = 8 nfiF (as previously) 
P = 504 + 8 = 512 nfiF 
T e = 63-8 = 55 mmF 
_ 25 330 X 504 X 567 _ 

(b) Lo ~ 63 x 512* x (1.62 + 0.455) 2 ~ 102 l " H 

(c) and (d) Any circuit component changes are made exacdy as before. 
Suitable practical values are then selected after allowing for strays. 

(iii) (A) Padded signal circuits 

The case of the multi-band all-wave receiver is of interest to designers. It can 
hardly be said that the receiver covering the complete short wave band (6 — 18 Mc/s) 
in one step gives very satisfactory performance, particularly in the hands of an un- 
skilled operator. 

Consider first the case where bandspreading is obtained merely by loading additional 
parallel capacitance across the tuned circuits. The scale calibration will become non- 
linear with frequency and the scale will be crowded towards the low-frequency end 
of the band. If, instead of using parallel capacitance, a small capacitance is inserted 
in series with the tuning capacitor so as to restrict the tuning range, the scale will be 
crowded towards the high frequency end. From this it should be clear that a com- 
bination of the two methods can probably be made to give very much improved scale 
linearity. The method is not restricted, however, to producing a linear scale cali- 
bration. 

The circuit arrangement for the padded signal circuit takes the same form as the 
oscillator circuit. The analysis of these circuits, due to Green (Ref. 103), is based 
on tracking the padded signal and oscillator circuits to a (non-existent) pilot circuit 
(which also determines the form of scale calibration) at three points, and thereby 
making the padded circuits track with one another at the same three points. The 
error at frequencies between tracking points is usually not serious as the range of 
frequencies to be covered is generally fairly small. 
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The design problem is to select values for the padder P and the two trimming capaci- 
tances T L and T e such that simultaneously the following conditions are fulfilled : — 

(a) The desired frequency ratio is attained. 

(b) The scale calibration is linearj or, more generally, corresponds to a desired 
form. 

(c) The L/C ratio is maintained at a high value in order to achieve adequate gain 
in the signal circuits. 

To simplify notation the virtual pilot circuit takes the same form as the original 
signal circuit shown in Fig. 25.33 and the same notation is retained, for both the padded 
signal and oscillator circuits, as was previously used for the oscillator circuit alone. 
The design equations are limited to the cases of arithmetical-mean and geometrical- 
mean tracking. Charts are available (in Ref. 103) covering the arithmetical-mean 
case. 

Summary of formulae 
Pilot circuit : 



(?)' - 



a 2 - 1 

1 + (a 2 - 1) 



Padded circuit : 

G 

P + T e = 



max 



T 7 



r - 1 
rj8 2 - 1 



L max r(j3 2 — 1) 

■^ T ■» e == ■* max == * min i * e 

max 

where r is limited to the values given by /> and R. 

T e specified : 

P = P — T 

J ■» max * e 

P 

Pmin max 

where P is first evaluated. 
T L specified : 

■* min 



b V* + &] 



P ~ 2 

where P is first evaluated. 
When T L <^ P 

T e = T e - T 

max 

P = P - + T 

■* •* nun I * 



L 
L 

Gain is proportional to the dynamic impedance Z of the circuit and 



Q)C 

pz G + T c 
G = 5 • p (effective capacitance across inductance). 

* min v7 ~r •* max 

When G — G max then C = C max . The value of P is obtained from the appropriate 
equations, according to whether T e or T L is specified. 
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Inductance 



-Ln — 



P, 



(«! + co f y p 2 



1 


+ 


p 

* max 
^ max 


1 


+ 


T c 






. _ 25 330 P min {G max + P max ) 

or for numerical computation L = 



(A + fi) 2 P\G max + T e x 

max/ 

using /xH, ppF, Mc/s. 
in which («>i + <o s ) is the known low frequency tracking point of the padded signal 
circuit. For a padded oscillator circuit replace (a> x + oij) by ( w x + co, ± «><). The 
value for P is derived from the appropriate equation according as to whether T c or 
T L is specified. 
For an unpadded signal circuit 
_ " 2 ~ 1 
a 2 ft»! 2 G max 
The notation is identical with that given previously, with the addition of 
& = 2ir x any frequency in the tuning range 
aij = 2w x low frequency tracking point of pilot circuit 
w 2 = 2ir x high frequency tracking point of pilot circuit 
a> 3 = arithmetical- or geometrical-mean tracking point of pilot circuit 
a>i = 2tt x true intermediate frequency of receiver 
coj — 2tt x virtual intermediate frequency for the combination of a padded 
signal circuit with a virtual pilot circuit 

'"a ft 
a = — = — = frequency ratio of pilot circuit 

a> 2 + ct)j 

j3 = j = frequency ratio of padded signal circuit 

G = incremental capacitance of each section of the ganged tuning capacitors, 
measured from its value at co 2 
G max = value of G at aj 

C — total effective capacitance across L 
C max = value of C when G = G max 

Q = <oL /R where L and R apply to the signal circuit, and this R is the 
r-f resistance of the circuit. 

(B) Worked example 

The method will be applied to the design of a receiver tuning from 6 to 9 Mc/s, 
using an i-f of 455 Kc/s, with a capacitor having a straight line frequency characteristic 
and a capacitance range of 12-432 ju/nF. Arithmetical-mean tracking will be used. 
Pilot circuit 
For the pilot circuit assume that the required scale calibration is given by 

, a = 2 (A sufficient range of values for most receiver calibration curves 

is from about 3 to 1.5) 
a 2 = 4 
Signal circuits 

= 9/6 = 1.5 
jS 2 = 2.25 

4 3 + 2 1 + (3 x 1.5) _ 

r ~ P ~ 2.25 3 + 1.5 ' 1 + (3 X 2) ~ L552 

432-12 

. P max = P + T e = 1552 _ t = 760.8 mmF 

432 - 12 
T ° ma x = (1.552 x 2.25) - 1 = 30L7 f"* 

432-12 
r *-.. = 1.552 (2.25 - 1) = 216 - 5 ^ F 
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(iii) (B) WORKED EXAMPLE 



25.3 



Pmin = 760.8 - 301.7 = 459.1 /^F 
Take the case where T c is specified. Draw up a table of component values, and 
select the most suitable. 



T e 


T L 


P 


L 


50 




710.8 




100 




660.8 




150 




610.8 




200 




560.8 




250 


57.53 


510.8 


2.024 


300 




460.8 





From this it seems that a convenient padder value is 510.8 /x/*F. Then find T L 

and L to complete the table. If the values so found, using the first selection for P, 

are considered as being suitable, only those need be computed 

510.8 
Tj = z^zr [301.7 - 250] = 57.3 M/ *F 



L„ = 



459.1 
25330 



X 459.1 x (420 + 760.8) 



= 2.024 imH 



6* x 510.8 s X (420 + 301.7) 
So that the signal circuit components are 
L = 2.024 /*H 
T L = 57.3 M /iF 
P = 510.8 wiF 

T e = 250 nnF (which includes 12 (ifiF gang min. cap.) 
(Suitable practical values are selected after due allowance for strays). 

An estimate can now be made of the circuit dynamic impedance (Z), as this will 
serve as a guide to the possible circuit gain. Improvement can often be effected by 
a redistribution of the component values, and the most favourable L/C ratios can be 
determined by completing the table set out earlier. 

However the L/C ratio and the component values selected are usually a compro- 
mise forced on the designer by considerations of practical convenience. 

Oscillator circuit 

It will be taken that the oscillator frequency is higher than the signal frequency. 

„ 9 + 0.455 

1.464 



6 + 


0.455 


2.145 






4 


P = 


2.145 


432 


- 12 



3 + 2 1 + (3 X 1.464) 



3 + 1.464 1 + (3 X 2) 



= 1.609 



1.609 



432 



= 689.6 /x/iF 
- 12 



(1.609 X 2.145) - 1 

432 - 12 

= 228 npF 



171 A wF 



L max 1.609 (2.145 - 1) 

P min = 689.6 - 171.4 = 518.2 ^F. 
Take the case, this time, where T L is specified and draw up a table of component 
values. T L is not necessarily very much smaller than P. 



T L 


T 


P 


L 


50 




564.1 




100 


85.6 


604 


1.619 


150 




639.7 




200 
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Then for the tabulated values of 77 we have 
518.21 



P = 



518.2 T / 47\ "I 

— L 1 V 1 + 5ir 2 J 



2 

These values are listed above. 

Taking the padder of 604 /x/xF as being suitable, then T L is 100 /z/aF, and now 
find T c and L Q . 

/518.2\ 
T c = 171.4 - 100^-^ ) = 85.6 M/ xF 

_ 25 330 x 518.2 (420 + 689.6) _ 
~ (6 + 0.455) 2 x 604 2 (420 + 171.4) ~ mH 

So that one suitable set of oscillator component values would be 
T L = 100 npF, P = 604 /i/xF, L = 1.619 /*H 
and r c = 85.6 fifiF (including 12 /n/*F gang min. cap.). 
The signal and oscillator circuits should track at 6, 9 and 7.5 Mc/s. 

References to superheterodyne tracking 

Refs. 101-114, 121, 123, 134, 135. 
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SECTION 1 : CHOICE OF FREQUENCY 

(t) Reasons for selection of different frequencies («') Commonly accepted inter- 
mediate frequencies. 

(i) Reasons for selection of different frequencies 

The choice of a particular intermediate frequency in a receiver is governed by a 
number of factors. 

(a) If the frequency is very low the circuits will be generally too selective, resulting 
in side-band cutting. Very high selectivity will also make a receiver more difficult 
to tune, and imposes severe requirements on oscillator, and other circuit, stability. 

(b) The lower the intermediate frequency the more difficult it becomes to eliminate 
image interference. This difficulty becomes greater as the carrier frequency is in- 
creased. 

(c) The intermediate frequency should not fall within the tuning range of the re- 
ceiver, as this would lead to instability and severe heterodyne interference. Also 
lower harmonics (principally second and third) of the i-f should not fall within the 
tuning range if this can be avoided. This requirement is not always easy to meet 
because of the other factors discussed in this section. 

(d) Too high a value of intermediate frequency should be avoided as it generally 
leads to a serious reduction in selectivity and, usually, gain. 

(e) The intermediate frequency should not be such that it approaches the range of 
frequencies over which the receiver is required to tune. 

(f) If the intermediate frequency is made too high, tracking difficulties between 
the signal and oscillator circuits may be experienced. 

(g) In some cases, where the intermediate frequency is higher than the highest 
received signal frequency (as in single span receivers), it is possible to tune the os- 
cillator only and use low-pass filters for the signal circuits. However, it is generally 
preferable to use tunable signal circuits. 
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26.1 (ii) COMMONLY ACCEPTED INTERMEDIATE FREQUENCIES 1021 

(ii) Commonly accepted intermediate frequencies 

As a result of the experience gained over a number of years in addition to the con- 
siderations stated previously the values selected for the intermediate frequencies of 
most commercial receivers have become fairly well standardized. For the majority 
of broadcast receivers tuning the bands 540-1600 Kc/s and 6-18 Mc/s, an i-f of about 
455 Kc/s is usual. A frequency of 110 Kc/s has been extensively used in Europe 
where the long wave band of 150-350 Kc/s is in operation. Receivers for use only 
on the short wave bands commonly employ an i-f of 1600 Kc/s or higher. Fre- 
quency modulation receivers covering the 40-50 Mc/s band generally use a 4.3 Mc/s 
i-f, and for the 88-108 Mc/s band they use 10.7 Mc/s. This latter value has been 
adopted as standard in U.S.A., and some other countries, for v-h-f receivers. 



SECTION 2 : NUMBER OF STAGES 

The number of stages required in the i-f amplifier is generally a compromise be- 
tween the factors of selectivity, gain, and cost. For the usual broadcast receiver 
having a 455 Kc/s i-f, one stage employing two transformers is generally considered 
as being adequate (when using an i-f valve with a g m of about 2000 micromhos). 
The transformers in common use are two parallel tuned circuits coupled by mutual 
inductance and stray capacitance. The windings are arranged so that any capacitive 
coupling aids the mutual inductance. Care should be taken to keep capacitive 
coupling small as it alters the symmetry of the overall response curve of frequency 
versus attenuation. 

Common values of capacitance tuning the primary and secondary windings in 
commercial transformers are from about 50 /a/xF to 120 juaiF to which must be added 
valve and circuit stray capacitances. Values as high as 800 ppF are used in special 
circumstances, however. This point will receive further discussion in Section 7 of 
this chapter. Unloaded values for the pri ma ry and secondary Q's are from about 
70 to 130. The transformer windings are in most cases coupled from 0.8 of critical 
to critical. The amount of coupling when the transformer is wired into the receiver 
is the important factor as stray coupling (including regeneration and alteration of 
tuning slug positions) will often alter any value of k or conditions for critical k measured 
external to the receiver. 

It should be noted particularly that the second i-f transformer usually feeds into a 
diode detector and this will appreciably affect the selectivity and gain of the preceding 
stage because of the loading across the transformer secondary. This loading is com- 
monly taken as half the d.c. diode load resistance, which in most cases does not exceed 
0.5 megohm because of the detector circuit requirements. If improved selectivity 
is required then the secondary of the i-f transformer may be tapped and the diode 
circuit fed from this tapping point to reduce loading on the tuned circuit ; but this 
generally involves a loss in stage gain. 

For small battery receivers of the portable type it may be advantageous to employ 
three i-f transformers (i.e. two stages) rather than a r-f stage and one i-f stage. Al- 
though there is some reduction in signal-to-noise ratio with this arrangement, ad- 
ditional gain is often the main requirement. Further, it is possible to operate the 
two i-f valves in a very economical condition, e.g. by using reduced screen voltage, 
as the full gain available can seldom be utilized without difficulties arising from in- 
stability. The Q's of the i-f 's need not be more than 60 or 70 with this arrangement 
as the selectivity is more than adequate for ordinary reception. 

With receivers using higher intermediate frequencies at least two stages (three 
transformers) are often required to give improved selectivity. Another important 
consideration, however, is that the dynamic impedance of the load presented by the 
transformer to the valve is lower, and stage gain is decreased. Valves used in the 
i-f stages of receivers having a high value of i-f generally have a mutual conductance 
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(g m ) of the order of 4000 micromhos to allow additional gain to be obtained to offset 
the loss due to the lower circuit dynamic impedance. These conditions apply par- 
ticularly in F-M receivers using an i-f of 10.7 Mc/s. Short wave receivers using 
1600 Kc/s i-f transformers commonly employ two stages (3 transformers) although 
one stage is often used and generally, but not always, the valves are similar to those 
used at lower frequencies and have a g m of about 2000 micromhos or less. The pass- 
band and gain requirements will largely determine the values of the constants for the 
transformers. 

A 10.7 Mc/s transformer in a F-M receiver has to pass a band of frequencies about 
240 Kc/s wide and at the same time must not introduce such an appreciable amount 
of amplitude modulation (due to the selectivity of the transformers) that the limiter 
(or whatever device is used that is insensitive to amplitude variations) cannot give 
substantially constant output. To secure these results, some designers use com- 
binations of overcoupled and critically-coupled transformers, while others prefer to 
use only critically-coupled transformers because of the simplification in the alignment 
procedure. For the type of F-M receiver using a ratio detector, two i-f stages are 
generally considered as being adequate (although this may lead to difficulties because 
of insufficient adjacent channel selectivity) with the second i-f valve feeding into a 
discriminator transformer. For most F-M receivers using limiters, three 10.7 Mc/s 
i-f transformers are used in cases where one limiter stage is included ; or for two 
limiter stages an additional very wide band i-f transformer may be incorporated. 
The purpose of the additional i-f transformer is to provide interstage coupling, but 
at the same time the design must be such as to introduce no appreciable amplitude 
modulation of the signal after it has passed through the first limiter stage, If a locked 
oscillator type of F-M detector (such as the Bradley circuit) is employed, then it is 
common practice to use three normal i-f transformers plus a fourth transformer giving 
a voltage step down of about 6 to 1 to provide a low impedance voltage source for 
driving the detector. An additional i-f stage is included in receivers using limiters 
for the purpose of giving the greater gain required to obtain satisfactory amplitude 
limiting with very weak signals j the additional i-f stage also provides improved selec- 
tivity outside the required passband. 

The number, and type, of stages used in any i-f amplifier is decided, of course, 
by the various requirements of the particular receiver and the selectivity and gain are 
under the control of the designer. Discussion as to the number of i-f stages used in 
typical A-M and F-M broadcast receivers is meant only to serve as a guide to common 
practice. However, it should not be overlooked that although gain and pass band 
requirements can sometimes be met with fewer stages than suggested above, adjacent 
channel selectivity will generally call for additional transformers. It is important 
that both pass band and adjacent channel selectivity be considered during the design, 
and if this is done there is usually little difficulty in selecting the number of i-f stages 
required. 

Special i-f requirements can be fulfilled by making preliminary calculations for any 
number of stages which a designer may consider necessary. In Section 4 it is pro- 
posed to carry out the complete design of several transformers showing the various 
factors to which attention must be paid to meet a given set of conditions. 

SECTION 3 : COMMONLY USED CIRCUITS 

(»') Mutual inductance coupling («) Shunt capacitance coupling (iii) Composite 
i-f transformers. 

In this section it is proposed to confine attention, particularly, to the most commonly 
used i-f transformer arrangement which uses mutual inductance coupling. Shunt 
capacitance coupling is not very widely used, but is included here as being of some 
interest because of its occasional application in F-M. receivers. Details of various 
coupled circuit arrangements are given in Chapter 9 ; the references should be con- 
sulted for a more comprehensive survey of circuit arrangements, and analysis of their 
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properties. Of course, almost any type of coupling can be used in i-f circuits but 
transformers other than those using two windings coupled by mutual inductance are 
the exception rather than the rule in ordinary broadcast and communications receivers. 

(i) Mutual inductance coupling 

Fig. 26.1 shows the most widely used circuit arrangement for an i-f coupling trans- 
former ; C l3 Lx and C 2 , L 2 are the primary and secondary capacitances and induct- 
ances respectively. The two windings are coupled together by mutual inductance. 
The total capacitances tuning the circuits are due to valve input and output, wiring 
and coil capacitances as well as C x and C 2 . 

The transformer is set to the required i-f by using powdered iron " slugs " which 
are moved inside the primary and secondary windings to vary the inductance values. 
Variable capacitance trimmers are often used as an alternative, and in some cases this 
may be advantageous since the inductance values can be pre-set fairly accurately and 
the capacitance, which is not known accurately because of additional strays, can be 
set to give the required resonant frequency ; this arrangement also allows close control 
on the coefficient of coupling. However, capacitance trimmers are not always com- 
pletely reliable and it is often of greater practical convenience to use variable iron cores 
in transformer windings. Further, the fixed capacitors C x and C 2 can be of high 
quality (e.g. silvered mica) to improve the circuit stability. 




t t 
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FIG. 26-2 SHUNT CAPACITANCE COUPLED I.F. CIRCUIT 



The type of circuit being considered is discussed also in Chapter 9 Sect. 6(iii), 
(iv), (v). Graphical methods of determining selectivity are given in Chapter 9 Sect. 10. 

Section 4 below gives detailed design methods and examples for several trans- 
formers of this type. 



(ii) Shunt capacitance coupling 

This type of coupling arrangement is illustrated in Fig. 26.2. Circuits of this type 
can be conveniently arranged to give a fairly wide pass band and are sometimes used 
in F-M receivers, in particular, to couple two cascaded limiter stages. Some dis- 
cussion of this type of circuit is given also in Chapter 9 Sect. 8(ii). 

The design of circuits of this type is carried out in a similar manner to those using 
mutual inductance coupling. Usually the values selected for C x and C 2 are about 
50 tuiF and the value for C M is determined by the required coefficient of coupling 
However, C M is generally fairly large, being of the order of 1000 to 2000 /x/iF in typical 
cases. Li and L 2 (which usually have equal values) are determined from : 

L y = L 2 = 25 330/f 2 C 
where L x is in microhenrys 



C is in iMfiF and is equal to 



CrC, 



C«C i 



c 2 + c. 



+ stray capaci- 



Ci + C M 
tance across the primary circuit 
and / is in Mc/s, and is taken as the intermediate frequency. 

The resistors R t and R 2 are for the purpose of lowering the Q of the tuned circuits 
to the values required for the bandwidth desired. 
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The coefficient of coupling is given by 

k = 






CiC 2 



'M 



+ c M xc 2 + C M ) 

when C M > (C u C 2 ). 




B* AV.C. 

ARRANGEMENT FOR F-M AND 
A-M l-F STAGE 



(iii) Composite i-f transformers 

Receivers used for F-M and A-M reception, on the 88-108 Mc/s and the 540-1600 
Kc/s bands respectively, generally have the i-f amplifiers arranged so that the inter- 
mediate frequency is 10.7 Mc/s for the F-M band and 455 Kc/s for the A-M range. 
For reasons of economy many manufacturers use the same amplifier valves for both 
i-f 's, and so it is necessary to find a solution to this problem which does not require 
elaborate circuit arrangements. 

— I ^-rt— ^ ne so l ut ion is the circuit shown in Fig. 26.3. 

/JM The 10.7 Mc/s transformer is represented by C„ 
^J_ \~J L v etc. and the 455 Kc/s transformers by L u C t etc. 
When the carrier output from the converter stage is 
10.7 Mc/s, the primary and secondary circuits of 
the 455 Kc/s i-f act as capacitances which allow the 
lower ends of the 10.7 Mc/s i-f to be effectively 
earthed. At 455 Kc/s the 10.7 Mc/s i-f transformer 
tuned circuits act as inductances in series with the 
transformers in use. The effective inductance, in 
series with the 455 Kc/s transformer, tends to offset 
any loss in gain due to the voltage drop across it be- 
cause it reduces the loading on the valve input 
circuit. Any possible loss in gain is not important, however, as the g m of the amplifier 
valves is about 4000 micromhos, and there are usually two i-f stages. The problem 
is generally one of getting rid of excess gain on the lower frequency channel ; it is 
for this reason that very low L/C ratios are used in the 455 Kc/s i-f transformers, 
in receivers for this purpose, and the primary and secondary capacitances are often 
of the order of 750 jt/xF. This system of gain reduction is sometimes preferred to 
tapping down on 455 Kc/s i-f transformers using the more conventional component 
values as discussed in Sect. 2. 

In receivers using a common converter, for F-M and A-M, it is usual to short out 
whichever transformer is not in use. It is not considered necessary, in most cases, 
to use switching with all i-f stages. Receivers adopting the method of using separate 
converters for improved oscillator stability on the v-h-f band, and a common i-f 
channel, do not require any switching in the i-f amplifier ; the converter not in use 
having the high tension removed. Switching of detector circuits is also unnecessary ; 
the last 455 Kc/s A-M transformer can be connected directly to a diode in the first 
a-f voltage amplifier valve, and a separate double diode, connected to the discriminator 
transformer, is used for detection in the F-M channel after F-M to A-M conversion 
has been carried out. Some valves, such as type 6T8, incorporate three diodes, a 
triode, and two separate cathodes, and so will allow all the detection and first a-f 
voltage amplification functions to be performed with one valve without switching 
being required. An alternative arrangement, common in receivers using ratio de- 
tectors, is to use the grid-cathode circuit of the last i-f valve (the driver stage) as a 
diode for A-M detection. When the receiver has a.v.c. applied to the driver stage, it 
is possible to select suitable values for the a.v.c. load resistor and the i-f by-pass 
capacitor to provide a satisfactory R-C combination for A-M detection. 

The two transformers may have all the windings in one can, or two cans may be 
used for each i-f, one for the 10.7 Mc/s i-f, and the other for the 455 Kc/s i-f. This 
latter arrangement has the advantage that it reduces interaction between the windings, 
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and also permits both transformers to be " slug " timed without using elaborate 
mechanical arrangements. In some cases where the transformers are both mounted 
in one can, combinations of " slug " and capacitance adjustment are provided ; an 
example of this is illustrated in Ref 12. 

Many arrangements have been suggested for combined i-f transformers, and some 
of these are described in Ref. 22. However, the circuit shown, or modifications of 
it, has received fairly wide acceptance as providing quite a good solution to the pro- 
blem. 



SECTION 4 : DESIGN METHODS 

(i) General 
(it) Critically-coupled transformers 

{A) Design equations and table (B) Example 

(C) Design extension (£)) Conclusions 

(E) k measurement 
(iii) Over-coupled transformers 

(A) Design equations and table (B) Example 

(C) k measurement (when k is high) 
(iv) Under-coupled transformers and single tuned circuits 

(A^ Single tuned circuit e n uations ^B^ Example 

(C) Under-coupled transformer equations 

(D) Example 
(v) F-M i-f transformers 

(A) Design data (B) Example 

(vi) I-F transformer construction 
(vii) Appendix : Calculation of coupling coefficients, 

(i) General 

The design procedure for i-f transformers can be greatly simplified by the use of 
charts and tables. If certain assumptions are made, which approximate to practical 
conditions, the design procedure can be reduced to a few routine operations. Here 
we will consider only the two winding transformer using mutual inductance coupling ; 
the added capacitance coupling, which is always present, does not seriously affect the 
results particularly as its presence is taken into account when setting the coefficient 
of coupling (k). 

The methods given below can be applied to inductive or capacitive coupling pro- 
vided that the coefficient of coupling (k) is suitably interpreted [see appendix (vii) 
below for methods of calculating coupling coefficients]. The practical two winding 
transformer, as previously mentioned, has mixed coupling but this does not cause any 
difficulty when the two forms of coupling assist each other [suitable connections are 
given in (vi) below]. However, if the two forms of coupling are in opposition a 
rejection frequency is possible which can occur within the pass band of the trans- 
former. This effect is well known to receiver designers who have accidentally re- 
versed the connections of one of the i-f transformer windings, and found that the i-f 
stage gives practically no gain. This fact can also be made the basis of a useful method 
for measuring k, the capacitive coupling being increased (using a calibrated capacitor) 
until it equals the inductive coupling and zero voltage transfer then occurs at the 
working frequency. For further data on mixed coupling see Ref. 4. 

The initial assumptions will be that the primary and secondary inductances L t 
and L 2 are given by L = yLJ^. Also, it will be assumed that the values of Q do not 
alter appreciably over the range in which the selectivity curves are taken. We will 
not always take the primary and secondary Q's as being equal, and the advantages 
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to be gained will become clear as we proceed. The magnification factor, or Q, will 
be defined as 

Q = VQ1Q2 
and provided the ratio of Qi/Q 2 or <2 2 /<2i is not greater than 2, the error in the usual 
design equations is negligible for most practical purposes. 

As long as ■\/Q 1 Q 2 & (Qi + Q 2 )/2 the error in any of the usual approximate design 
equations will be small. If Q x and Q 2 differ by large amounts then the exact design 
equations are necessary and can be obtained from Refs. 2, 3, 6 and 8, or the design 
can be modified by using the universal selectivity curves to obtain the required results. 
It is of interest to note that the simplified equations given by Kelly Johnson (Ref. 1). 
Ross (Ref. 2) and Maynard (Ref. 6 and Figs. 9.17 and 9.18 of this book) are identical 
when it is assumed that Q = <2i = Q 2 and the various notations are made the same. 

It may be thought that writing Q = V<2iQ 2 and L = ^LJL 2 will be inconvenient 
since the i-f transformer, as constructed, will have its primary and secondary in- 
ductances and Q's equal. However, in the majority of cases L = L t = L 2 is applied, 
and the method is extended to fulfil the condition that the unloaded primary and 
secondary Q's should be equal while allowing the required Q = V<2iQ 2 to be obtained 
in the receiver, without further adjustment. 

Critical-coupling, or a close approach to it, is most often employed in i-f trans- 
formers but there is little difficulty in designing transformers for almost any degree 
of coupling. All cases will be treated. 

Universal selectivity and phase shift curves are given in Chapter 9, Sect. 10 (Figs. 
9.17 and 9.18). Additional charts and tables are given, to be used as described in the 
appropriate sections. 

The design procedure generally consists of finding values of Q, k and stage gain 
for given bandwidths at some value of i-f ; or of finding the required bandwidth for 
values of Q and k previously determined. For clarity the cases of critical-, over-, 
and under-coupled transformers will be dealt with separately. Single tuned circuits 
are also included as they are sometimes required in i-f amplifiers. Additional data 
for the design of F-M transformers will be given in Sect. 4(v). 

Stagger tuning (Refs. 8, 13, 17 and 38) of i-f transformers (e.g. tuning primary and 
secondary to different frequencies) to give substantially the same bandwidths as over- 
coupled transformers, does not have a very wide application in F-M and A-M receivers 
(except in cases where variable selectivity is to be used) and will not be discussed in 
detail. 

Stagger tuning of single and double tuned circuits is widely used in television 
receivers, but this is a different application from the case where it is applied to the 
comparatively narrow bandwidths of ordinary sound receivers. In this case the trans- 
former primary and secondary are tuned to the same frequency, but this is not neces- 
sarily the intermediate frequency. 

■Since i-f transformers for television receivers involve special problems they are not 
treated here (see Refs. 27, 28, 94, 95, 96 and 97) Also, triple tuned transformers 
are not discussed, but the article of Ref. 26 gives an excellent treatment. 

Finally, the design methods do not make allowance for regenerative effects, nor 
should they be applied for finding the shape of resonance curves at frequencies far 
removed from resonance. The selectivity curve shapes are assumed to be perfectly 
symmetrical although in practice it will be found that this is seldom true. 

(ii) Critically-coupled transformers 
(A) Design equations and table 

In general the procedure given is similar to that due to Kelly Johnson (Ref. 1) and 
Ross (Ref. 2). However, these procedures assume that Q = Q x = Q 2 ; we shall take 
Q = a/QiQ 8 . For most cases it is not advisable to use the equations given below for 
Q1/Q2 or Q2/Q1 greater than about 2, unless some additional adjustment is made from 
the universal selectivity and phase shift curves. 
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For N critically-coupled transformers. 



X 



-V2(p 
' 2Af 



4 

2/N _ 



D* 



CD 

(2) 
(3) 



and 
where 



2X 



(4) 



1 for one transformer) 



2 - X 2 
p = attenuation at Af c/s off resonance 
N = number of identical transformers used (N 
/o = resonant frequency (the i-f in our case) 

Q = VQ1Q2 = l/&c (in which Q x and Q 2 are actual primary and second- 
ary Q's ; k c is critical-coupling coefficient) 
2Af = total bandwidth for a given attenuation (p) 
and 8 = phase shift between secondary current at resonance and secondary 
current at Af c/s off resonance. 

The required design information is given in equations (1) to (4). Usually either 
p is stated for a given bandwidth and a known i-f, or X can be found to allow p to be 
determined. Once these two factors have been found, the determination of k and/or 
Q is a simple matter. 

Table 1 lists various values of p and X. Suppose p is known, then X is read from 
the table and used in equation (3) to find Q (since 2Af/f is already known). The 
coefficient of coupling is then k c = l/Q. 

If complete resonance and/or phase shift curves are required, then the universal 
curves of Figs. 9.17 and 9.18 (Chapter 9, Sect. 10) are used. These curves apply 
to one transformer only. For N identical transformers the attenuation in decibels 
is multiplied by N ; for transformers which are not identical, the individual attenua- 
tions (in db) are added. Resonance and phase shift curves can also be determined 
direcdy, by using table 1 and eqns. (1) to (4). 

In the application of the universal curves take D = X = Q2Af/f (this Q being 
VQ1Q2 as determined) and b = k/k c — Qk (for critical coupling b = 1, in this case) ; 
which are the same as for Q x = Q 2 . If the values of Q x and Q 2 differ by more than 
about 2 to 1, then the more exact expressions for D and b 2 are applied to check how 
closely the required conditions are approached, it being carefully noted that in all 
expressions on the curves involving a that the Q shown is Q 2 . 

TABLE 1. CRITICALLY-COUPLED TRANSFORMERS 

For use with equations (1), (2) and (3) 

N = Number of Transformers 



Attenuation (p) 


N = 1 


N = 2 


N = 3 


Times Down 


db Down 


X 


X 


X 


V2' 


3 


1.41 


1.14 


1.01 


2 


6 


1.86 


1.41 


1.25 


4 


12 


2.76 


1.86 


1.57 


7 


17 


3.73 


2.21 


1.81 


10 


20 


4.46 


2.46 


1.95 


20 


26 


6.32 


2.96 


2.26 


40 


32 


8.96 


3.54 


2.56 


70 


37 


11.9 


4.08 


2.82 


100 


40 


14.1 


4.46 


3.02 


1000 


60 


— 


7.96 


4.46 


10 000 


80 


— 


14.1 


6.66 
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The maximum stage gain is given by 

Gain = g m Qa> L/2 (5) 

where g m = mutual conductance of i-f valve (if conversion gain is required, con- 
version conductance (g e ) is substituted for g m ) 
oi = 2u x resonant frequency (/ ) i.e. /„ = i-f 
L = y/LJLi ; L x and L 2 are primary and secondary inductances 
and <2 = \ /r QiQz > Qi and Q 2 are primary and secondary magnification factors. 

A condition, not specifically stated in the equations, is that L X C X — L 2 C 2 in all cases. 
The maximum gain is usually converted to decibels, so that the gain at any point 
on the resonance curve can be found by subtraction of the attenuation, also expressed 
in decibels. 

(B) Example and additional design extension 

A 455 Kc/s i-f transformer, using critical-coupling, is required to give a total band- 
width of 20 Kc/s for an attenuation of 20 db (10 times). 

(a) /o/24/ = 455/20 = 22.75. 

(b) From table 1 we have X = 4.46 (since N —. 1). 

(c) From eqn. (3), Q = 4.46 X 22.75 = 101. 

(d) k r . = 1/Q = 0.0099. 

(e) Select a suitable value for C x (= C 2 ) ; a capacitance of 100 fifiF is satis- 
factory (made up of fixed + stray capacitances). 

25.33 25.33 

Then L = j^- = 4552 x m = 1-22 mH 

(/ in Mc/s ; C in pfiF) 

and take L = L x = L t since this is convenient in this case. 

(f) The i-f valve (e.g. type 6SK7) has g m = 2 mA/volt (= 2000 /imhos). 

From equation (5), 

„ _ . 2 x 10- 3 x 101 X 2wX 455 x 1Q 3 x 1.22 x 10r* 
Max. stage gam = 



2 

= 352 times (or 51 db). 
(g) Some designs might stop here and the magnification factor would be taken 
as Q = Qi = Q 2 = 101. It would be realized that valve loading would 
have an effect although possibly nothing more would be done (or else some 
attempt would be made to allow for the plate and grid resistances by finding 
new values of Q x and Q 2 ). 

Let us proceed further and ask whether the transformer as it stands fulfils 
the design conditions in a radio receiver. The answer is that obviously 
it does not, since it would be connected in most cases between two i-f valves, 
a converter and i-f valve or between an i-f valve and a diode detector. Sup- 
pose the connection between two i-f amplifier valves (type 6SK7 would be 
representative) is considered since this appears a fairly innocuous case. The 
plate resistance (r„) of a type 6SK7 under the usual conditions of operation 
is 0.8 megohm. The short circuit input resistance, also under one set of 
operating conditions, is 6.8 megohms (this is calculated from the data given 
in Chapter 23, Sect. 5) ; other effects, which would alter this value, will be 
ignored for simplicity, although they may not be negligible. It is first 
required to determine what values of Q x and Q 2 are required to give Q = Qi = 
Q* = 101. 

This is found fr6m 
QR 

where Q u = unloaded Q 

Q = loaded Q 

R = parallel resistance across winding 

w = 2irf ; (resonant frequency = /„) 

and L — inductance. 
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For the primary 

Q = 101 ; R = r P = 0.8 M.Q ; 
co = 2tt x 455 X 10 s ] L = L x = 1.22 mH 
and Qa> L = 101 x 2v x 455 x 10 3 x 1.22 x 10~ 3 = 0.352 M£. 

Then Q " ^ . 0.8 - 0.352 = 18 °- 
For the secondary 

101 x 6.8 
Q " = 6.8 - 0.352 = 106 - 8 - 
(C) Design extension 

The value Q„ = 180 could not be obtained very easily, if at all, with a normal type 
of i-f transformer. In addition, the disadvantage of unequal primary and secondary 
Q's should be apparent. For values of Q only about 10% higher than that given, 
or where the transformer is coupled to a diode detector, the situation becomes so much 
worse that it is clear that a revised approach is necessary What is actually needed is 

(1) A transformer with equal values of primary and secondary Q's when un- 
loaded. These will be denoted by Q u = Q ul = Q„ 2 . 

(2) The values of Q ul and Q„ 2 to be such that when the transformer is connected 
into the i-f amplifier, and loaded by the valve output and input resistances, 
the desired value of Q = VQ1Q2 will be obtained. 

(3) The required coefficient of coupling (k) (critical for this particular example) 
to be unchanged. It will be described later how k can be pre-set to any 
desired value for any two circuits coupled together. 

(4) Excessive values of Q ui and Q u2 are to be avoided (see the previous method 
of determining Q ul ) as far as possible, because of the practical difficulties 
involved. 

(5) The response curve of frequency versus attenuation to be that specified (or 
very close to it). 

All of these conditions can be fulfilled very closely, provided the approximations 
made in deriving the design equations hold. A simple analysis of the circuits in- 
volved, and including the required conditions, gives 
_ cc + V« 2 + 2QZR&P 

\Lu — n v'/ 

where Q u = Q ul = Q„ 2 (unloaded primary and secondary Q) 

Q = VQ1Q2 (in which Q 1 and Q 2 are loaded primary and secondary Q's) 
jR x = parallel resistance (r v in our case) shunted across trans, primary 
2? 2 = parallel resistance (grid input in our case) shunted across trans, second- 
ary 
a = Q.iQ<»oL)(Ri + Rn) i in all cases it will be taken that L = L x = L 2 
and JS = 2[R,R Z - (Qo> L) 2 ]. 
For our example : 

Q = 101 ; Q 2 = 1.02 x 10* ; R x = 0.8 Mfl ; R 2 = 6.8 MQ 
Qco L = 0.352 M.Q (found previously) 

a = 101 x 0.352 X 7.6 = 270 ; a 2 = 7.29 X 10* 

p =.2[5.44 - 0.124] = 10.63 (MQ) 2 

270 + V7.29 x 10* + 2 x 1.02 x 10 4 x 5.44 x 10.63 

Q « = 10*3 = 131 

so that Q ul = Q„ 2 = 131. 
To check that the transformer, when placed in the receiver, gives the desired value 

of Q = VQ1Q2 use 

q = Q^ (8) 

^ Q„cu L + R 
from which 

_ 131 x °- 8 _ 
Ql ~ 0.458 + 0.8 ~ 83 ' 4 
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_ 131 x 6 - 8 
Qi ~ 0.458 + 6.8 _ 123 

and so 

Q = VQ1Q2 = V83.4 x 123 = 101, which is the desired value (as 
determined previously). 

(D) Conclusions 

All that is required to design the specified transformer is to go through the simple 
steps (a) to (e) and, knowing 2? x an d R u apply eqn. (7). Overall response and phase 
shift are determined from the universal curves, as explained previously. 

It should be obvious that eqn. (7) will not hold under all practical conditions, but 
it is not limited by the ratio of Q1/Q2 or Q2/Q1, and failing cases can be checked 
by the condition for j8 = 0. It has been assumed for simplicity that L = L x = L % 
but this is not essential, and the design equation could be extended to the case of 
L = s/LiLz. In some failing case, if it is essential to fulfil the specified conditions, 
Qj and Q 2 (and if necessary L x and L a ) can be selected to give the desired values of Q 
and L ; this will be illustrated in the section on the design of variable bandwidth 
crystal filters. 

(E) k Measurement 

The coefficient of coupling, k, for two circuits resonant at the same frequency, can 
be set on a Q meter (provided Q b lies within the useful working range) using the 
relationship 

Qb = l + <2«Q«*» (9) 

if Qui = Q« 2 = Q„ 

*** Qb = l + Q (QJfc)« (9A) 

where Q ul = primary Q (sec. o/c or detuned by large amount) 

Q Hl = secondary Q (pri. o/c or detuned by large amount) 
Qb = Q to be obtained when primary and secondary are coupled and the 
secondary tuned to make the primary Q a minimum. 

(Usual precautions as to can and earthy side of secondary winding being grounded 
to be observed — it is preferable to use the same order of connections for measurement 
as those to be used in the receiver.) 

When the transformer has different primary and secondary Q's, it is often advan- 
tageous to use the higher Q winding as the primary when setting the coefficient of 
coupling ; this applies particularly when the coupling is very loose. 

The actual capacitance values tuning the primary and secondary for Q meter meas- 
urements should include the allowance made for stray capacitance otherwise incorrect 
slug positions (i.e. incorrect inductance values) will give rise to an error which can be 
avoided. 

In our example we desire a value for k = 0.0099 (for critical-coupling when Q = 

VQiQ* = 101); Q u = 131. 
Then from (9A) 

Q " = 1 + (IW = «- 9 ' 
All that is required is to adjust the spacing between the two resonant circuits until 
the Q meter reads 48.9. The desired co-efficient of coupling has then been obtained. 
Alternatively, by transposing terms in the equation, k is given for any values of Q b , 
Q ul , and Q u2i 

"*" k -Jhzsr m 

The method applies directly to under-, over-, or critically-coupled transformers 
and is useful within the limits set by the usable range of the Q meter= For over- 
coupled transformers additional methods are sometimes required, and the procedure 
will be indicated in Sect. 5. 
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It is sometimes required to measure k in terms of critical or transitional coupling. 
In this case the circuits are loaded to give the values of Q x and Q 2 required when the 
transformer is connected into the receiver, and the following expressions can be 
applied : 

A = /** ~ ^ (9C) 






^^^sJq^ + QS) (9D) 

It might be noted that when Q x = Q 2 the expressions (9C) and (9D) are identical, 
as would be expected. 

(iii) Over-coupled transformers 

(A) Design equations and table 

Here the method to be followed is based on that due to Everitt (Ref. 3). 

Fig. 26.5 illustrates the terms used regarding bandwidth. 

It should be noted that when the primary and secondary Q's differ appreciably, 
two peaks of secondary output voltage do not appear immediately critical-coupling 
is exceeded. The actual value of k, which corresponds to the condition for two 
peaks of secondary voltage, is called the transitional-coupling factor [see Chapter 9, 
Sect. 6(v)], and Ref. 8. 

In what follows we shall use Q = VQ1Q2 and L = yL^L 2 , as was done for critic- 
ally-coupled transformers, but this is not an approximation in the derivation of the 
design equations (10), (11) and (12) provided that LiGj = L 2 C 2 . It will also be 
assumed, for simplicity, that the peaks of the response curve are of equal height and 
symmetrically placed in regard to f . 

Q k = A + VA* - 1 (10) 



2 J /„ , /, 1 



= .*./! -t^Wt < 12 > 



2X 

6 = tan-1 1 - *■ + (Qky (13) 

where Q =VQiQi = T ( m which Q x and Q 2 are primary and secondary Q's 

respectively ; k c is coefficient of critical-coupling) 
k = any coefficient of coupling equal to or greater than critical 
A = gain variation from peak to trough (i.e. difference in transmission level) 
24/"„ = bandwidth between peaks ; \/2(2Af P ) is the total bandwidth for two 
other points on the resonance curve with the same amplitude as at f 
6 = phase shift between the secondary current at resonance and the secondary 

current at Af c/s off resonance 
X = (2Af/f )Q 
and /o = resonant frequency of transformer (i-f). 

The universal resonance and phase shift curves of Figs. 9.17 and 9.18 (Chapter 9 
Sect. 10) are directly applicable, using the exact expressions if desired and taking Q 
as Q 2 for all terms involving a. It is more convenient, and sufficiently accurate, to 
use the conditions for Qj = Q 2 when Q 1 /Q 2 or QJQ t > 2 ; in this case b = Qk 
(or k/k c ), D = (2Af/f )Q and since these expressions do not involve a, the value 
Q — VQ1Q2 as determined in the design problem is used. A check will reveal that 
it is difficult to read any difference from the curves whichever method is used. 

It should be observed that five points on the resonance curve are given directly 
from the design equations. 
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To find the maximum stage gain which occurs at the peaks, the equation (5) as 
given for critically-coupled transformers, is applied directly. Generally it is the 
average gain in the pass band (s/l X 2Af) which is required and this is given by 
multiplying eqn. (5) by 

<Q* + 1)2 • (14) 

2{{Qky + i] K } 

If the gain at/ (i.e. at the trough of the curve) is required, equation (5) is multiplied 



by 



2Qk 



(Qk)* + 1 (15) 

which is the same as multiplying equation (5) by 1/A, since equation (15) is equivalent 
to 1/A. 

Equations (14) and (15) can be evaluated directly from Fig. 26.4 when Qk is known ; 
the dotted line being for eqn. (14) and the solid line for eqn. (15). Equation 5 is 
multiplied by the gain reduction factor so found. The gain reduction indicated by 
eqn. (15) can also be read directly from the 1/A column in table 2. 




FIG.26-4 GAIN REDUCTION FACTORS FOR COUPLING 
OTHER THAN CRITICAL 

TABLE 2. OVER-COUPLED TRANSFORMERS 
For use with equations (10), (11), (12), (14), (15) 



A (= peak to trough gain 










variation) 


/ 1 






Qk 


V (Qky 


(Qk) 2 


1 


* 


Times Down 


A 





1.00 


1.00 


0.000 


1.00 


1.00 


0.25 


1.03 


1.27 


0.616 


1.61 


0.971 


0.50 


1.06 


1.41 


0.707 


2.00 


0.943 


1 


1.12 


1.73 


0.817 


3.00 


0.893 


1.9 


1.25 


2.00 


0.866 


4.00 


0.800 


2 


1.26 


2.02 


0.869 


4.08 


0.794 


3 


1.41 


2.41 


0.910 


5.81 


0.709 


3.1 


1.43 


2.45 


0.913 


6.00 


0.670 


4 


1.59 


2.81 


0.935 


7.90 


0.629 


4.4 


1.67 


3.00 


0.943 


9.00 


0.599 


5 


1.78 


3.25 


0.952 


10.56 


0.562 


6 


2.00 


3.72 


0.963 


13.84 


0.500 


6.6 


2.13 


4.00 


0.968 


16.00 


0.469 


7 


2.24 


4.24 


0.972 


17.98 


U.44b 

■ 
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(B) Example 

A 455 Kc/s i-f transformer is required to pass a band of frequencies 16 Kc/s wide 

(i.e. ± 8 Kc/s). The variation in gain across the pass band is not to exceed 0.5 db. 

(a) From Fig. 26.5 it is reasonable to take the total bandwidth as 16 Kc/s and 

so the peak separation is 16/V2 = 11.3 Kc/s. 
■(b) 2J/// = 11.3/455 = 0.0248. 

(c) From Table 2, Vl - 1/(Q£) 2 = 0.707. 

(d) From eqn. (12), k = 0.0248/0.707 = 0.035. 

(e) From Table 2, Qk = 1.41 

Q = 1.41/0.035 - 40.2. 

(f) Assuming a value for C x (= C 2 ) of 80 /x/xF (including strays) 

L = 25.33/0.455 2 X 80 = 1.53 mH 
and take L = L x = L 2 = 1.53 mH. 

(g) To determine the average stage gain in the pass band. From Fig. 26.4 
(or eqn. 14), with Qk = 1.41, reading from the dotted curve, gain reduction 
factor equals 0.97. Assuming we use a type 6J8-G converter valve having a 
conversion conductance of 290 /tfnhos (0.29"mA/yolt), then from eqn. (5) 
and the gain reduction factor, 

Average stage gain = 0.97 x it x 0.29 x 40.2 x 0.455 x 1.53 
= 24.7 times (or 27.9 db). 
(h) Assume that the transformer is connected between a type 6J8-G converter 
and a type 6SK7 voltage amplifier and that both valves are working under 
a particular set of operating conditions. 

For type 6J8-G the conversion plate resistance r p = 4M.Q — R t and for 
the type 6SK7 the short circuit input resistance = 6.8 M.Q = i?, (as de- 
termined from Chapter 23, Sect. 5). 
From Equation (7) 

a = 40.2 X 0.17 X 10.8 = 73.8; a 2 = 0.544 X 10 4 
|8 = 2[27.2 - 0.17'] - 54.4 approximately 

73.8 + a/0.544 x 10* + 4.76 x 10 6 
Q. = ^ = 41.4, 

so that Q u = Qui = Qu2 = 41.4 which is the unloaded value for primary and second- 
ary Q's before the transformer is connected between the two valves ; the additional 
refinement in design is hardly necessary here, and it would be sufficient to make 
Q = Qi = Q2 = 40 (approx.). 




fo 

FREQUENCY 
FIG-26-5 ILLUSTRATION OF TERMS USED FOR OVER-COUPLED TRANSFORMERS 

It can easily be checked, using the procedure set out for critically-coupled trans- 
formers, that the geometrical-mean of the loaded values Q x and Q 2 is 40.2 as required. 
Complete resonance and phase shift curves are plotted as previously explained. The 
values for k can be set in exactly the same way as explained in the section on critically- 
coupled transformers, if this is convenient. If k is high it is preferable to apply 
one of the following methods. 
(C) k measurement (when k is high) 

When k is high, one of the following methods may be used 

The first of these uses the relationship 
AC = CikVQ. - k*) 
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--J-. 



*- ■ JC 



AC + d 

where d = capacitance required to tune the primary to resonance with the second- 
ary open circuited. 
k = coefficient of coupling required (say k greater than 0.1 or so) 
and AC = increment in capacitance required to tune the primary to resonance 
when the secondary is short circuited. 
As an illustration suppose k = 0.2 and C x = 200 ppF (the exact working frequency 
may not always be convenient) then AC = 8.34 mjlF. Using a " Q " meter, the spac- 
ing between primary and secondary is adjusted until this increment in capacitance is 
obtained ; this gives the required value of k. 

With some transformers, neither of the two methods given previously will be con- 
venient, and a third method is required. In this case a " Q " meter is again used, 
and the two transformer windings are connected firstly " parallel aiding " and then 
" parallel opposing." Any convenient resonance frequency may be selected, and 
the two capacitance values (Cx and d) required to resonate the coils with the two 
different connections are noted. The coefficient of coupling is then given by 

h ( l + fl2 Y c i - C A 

\ 2a Ad + Cj 
where a 2 = LJL^. (This result was determined by J. B. Rudd). 
For a pre-determined value of k the relationship 
AakC 2 

AC" — 

° ~ 1 + a{a - 2k) 
is applied ; where A C = change in capacitance = d — d- 

As an example, suppose L t = L 2 (i.e. a 2 = 1) the capacitance d = 100 /x/xF and 
k = 0.1 is required. Then 

4 x 1 x 0.1 x 100 

AC = = 22.2 uuF. 

■-■ 1 + 1(1-2 x OdL) ^ 

This method should not be used for small values of k (say below about 0.02) as it 
does not take into account capacitive coupling. For k equal to 0.02 or less the method 
of Sect. (ii)E should always be used. For k greater than about 0.2 the short-circuit/ 
open-circuit method, given previously, is usually the most convenient. All measure- 
ments must be made with the transformer in its can, and the can should be earthed. 

In cases where a " Q " meter is not available, the operation of the transformer can 
be checked using a single stage amplifier and measuring the selectivity curve with a 
signal generator and a valve voltmeter. Alternatively, measurements can be made 
in the receiver, and a typical case is illustrated in Chapter 27 Sect. 2(iv) in connection 
with measurements on ratio detectors (see also Chapter 14 of Ref. 17). 

(iv) Under-coupled transformers and single tuned circuits 

It is sometimes necessary to use combinations of single tuned circuits or under- 
coupled transformers in conjunction with over-coupled circuits to give a substantially 
level response over the pass band. Another application for the under-coupled trans- 
former often arises when an improvement in selectivity is needed, without an excessive 
loss in stage gain. It has been shown by Adams (Ref. 9) that the optimum conditions 
for selectivity and gain for a given Q, are obtained when the coefficient of coupling 
is approximately 0.82 of critical. However, it is readily shown for a transformer 
having k equal to 0.5 k c that the loss in gain is only about 2 db (approx. 0.8 of maxi- 
mum gain). 

The design equations (Ref. 1) that follow are applicable to single tuned circuits, 
which will be considered first : 
(A) Single Tuned Circuits 

P = (1 + X 2 )*/* (16) 

X = (p 2 /^ - 1)1 (17) 

Q-2AJ < 18 > 
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and 6 



2Af 
= tan -1 -7— Q = tan~ 
Jo 



X 



(19) 



where p = attenuation at Af c/s off resonance 

N = number of identical tuned circuits (for a single tuned circuit N = 1) 

/ = resonant frequency 
and d = phase shift between current at resonance and the current at Af c/s off 
resonance. 
The design of the single tuned circuit presents no difficulty, and it is only necessary 
to use Table 3 in conjunction with eqns. (16), (17) and (18). Selectivity and phase 
shift can be found from the universal curves of Figs. 9.17 and 9.18 (Chapter 9 Sect. 10), 
or selectivity can be evaluated directly from eqns. (16), (17) and (18) used in con- 
junction with Table 3. 

TABLE 3. SINGLE TUNED CIRCUITS 
For use with equations (16), (17) and (18) 
N = number of identical tuned circuits 



Attenuation (p) 


N = 1 


N = 2 


N = 3 


Times Down 


db Down 


X 


X 


X 


V2 


3 


1.00 


0.644 


0.509 


2 


6 


1.73 


1.00 


0.767 


4 


12 


3.87 


1.73 


1.23 


7 


17 


6,93 


2,45 


L63 


10 


20 


9.95 


3.00 


1.91 


20 


26 




4.36 


2.52 


40 


32 




6.25 


3.27 


70 


37 




8.31 


4.00 


100 


40 




9.95 


4.53 


1000 


60 






9.95 



(B) Example 

Two single tuned circuits are required to give an attenuation of 17 db for a total 
bandwidth of 10 Kc/s. The i-f is 455 Kc/s. 

(a) From Table 3, X = 2.45 (since N = 2). 

(b) Q = 2.45 x 455/10 = 111.5 from eqn. (18). 

(c) Assuming C = 200 ppF (including all strays) 

L = 25.33/0.455 2 x 200 = 0.611 mH. 

(d) The unloaded Q required depends on the combined effects of valve input 
and output resistance. Take the loading for the two transformers as being 
the same, for simplicity. 

Then suppose r„ = 0.8 MJ2 and grid input resistance = 6.8Mi2 the 
effective shunt resistance is 0.715 Mfi. 
From eqn. (6) 

Q u = 111.5 X 0.715/(0.715 - 0.194) = 153. 

(e) The gain of each stage (twice that for a critically-coupled transformer) is 
gmQcooL, so that taking g m = 2 mA/volt (2000 jtmhos) in each case, stage 
gain = 2f x 2 x 111.5 X 0.455 x 0.611 = 390 times (or 51.8 db). 

(f) Suppose we have the loaded Q given as 111.5 (as in our previous problem 
using N = 2), and we require the bandwidth for 6 db attenuation ; from 
table 3 obtain X = 1.0 and from eqn. (18) the total bandwidth (24/) is 4.08 
Kc/s. In a s imilar manner the attenuation can be found when the band- 
width is stated. The resonance curves could also be used to find X (— D in 
Chapter 9, in this case) and p. 

(C) Under-coupled transformers 

If the transformers use very loose coupling, the methods for single tuned circuits 
could be applied (N = 2 for each transformer) in conjunction with eqn. (7). This 
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approach does not lead to very accurate results since the values of coupling are seldom 
less than 0.1 of critical and more often are of the order of 0.5 to 0.8 of critical. 

General design equations applicable to transformers having any degree of coupling 
are given below, but it will be seen that they are not quite as tractable as in previous 
cases unless an additional factor such as Q, k, or Qk (i.e. a given proportion of critical- 
coupling) is specified. However, this will offer little difficulty. 

X = [{(1 - a 2 ) 2 + (pW - 1)(1 + a 2 ) 2 }* - (1 - a 2 )]* (20) 

"(1 + a 2 -X 2 ) 2 + 4xn K i 2 



-p 



(1 + a 2 ) 2 J (21) 

X = (24/7/o)Q (22) 



r x{x 2 + (x 2 + 4)(p 2 / y - l)} * - (x 2 + p*i K - i) i * 
L ,>«/* _ i 



Qk = « = — i iJL J m — r ~ (23) 



6 = tan- 1 2X/[1 - X 2 + a 2 ] (13) 

where p = attenuation at Af c/s off resonance 
a = Qk = k/k c 
Q =VQiQi = l/k c (in which Q x and Q 2 are the primary and secondary Q's 

and k c is critical coupling coefficient) 
k = any coefficient of coupling 
JV = number of identical transformers 
/ = resonant frequency 
and 6 — phase shift between secondary current at and off resonance. 

The restriction of Q x /Q 2 or QJQ X > 2 is applied, as previously explained. 
It may be observed that these equations are the most general ones, e.g. if Qk = 1 
the equations reduce to those for critical-coupling. 

Stage gain is given by evaluating eqn. (5) and multiplying by eqn. (15) (or reading 
the gain reduction factor from Fig. 26.4). 

The coefficient of coupling can be set as described for critically-coupled trans- 
formers. 

(D) Example 

A 455 Kc/s i-f transformer is required to give a total bandwidth of 20 Kc/s for an 
attenuation of 4 times. The transformer is to be connected between a voltage am- 
plifier, having a plate resistance of 0.8 M.Q (e.g. type 6SK7), and a diode detector 
having a load resistance of 0.5 M.Q. 

In this case other loading effects due to the a.v.c. system etc. will be neglected. 
For a typical case where the a.v.c. diode plate is connected by a fixed capacitor to the 
i-f transformer primary, there will be appreciable damping of the primary circuit due 
to the diode circuit (approx. R L /3 when diode is conducting). This damping will 
not be constant for all signal input voltages, particularly if delayed a.v.c. is used. 
(a) The difficulty first arises in evaluating X. If we select a suitable value for 
Q the problem becomes quite straightforward. 

To select a value for Q it is necessary to realize that an unloaded value of 
150 would be about the absolute maximum with normal types of construction, 
and even this figure is well on the high side unless an " iron pot " or a fairly 
large can and former are used. Assume Q = 150 for this problem (so far 
as the procedure is concerned it is unimportant if a lower value is selected). 
The next point is that circuit loading will set a limit to the value of Qw L 
(= Ql o) C). Now L will be set, normally, by the minimum permissible 
value of C. Suppose C = 85 p.p.F including strays, then L = 1.44 mH ; 
and we will take L = L x = L 2 and C = C x = C 2 for practical convenience. 
Better performance would be possible by making L x > L 2 but the improve- 
ment is only small, and hardly worthwhile unless the secondary load is very 
small. 

w L = l/co C = 4120 Q ; also i?i = 0.8 MQ and 
i? 2 = 0.5/2 = 0.25 M£ (half the d.c. diode load resistance). 
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Then applying eqn. (8) 

150 x 0.25 

Q * ~ 0.25 + (150 x 4.12 x 10- 3 ) = 43,3 
150 x 0.8 
mdQ > = (0.8 + 0.618) = 84 ' 6 
so that 

Q = VafiT =V84.6 X 43.3 = 60.5. 

(c) From eqn. (22) 

20 x 60.5 

X = AC , C = 2.66. 

455 

(d) From eqn. (23) 

^ , r2.66{2.66 2 + (2.66 2 + 4)(4 2 + 1)}1 - (2.66 2 + 4 2 - 1)1 \ 

Qk = |_ ^^ J = 0.93 

and k = 0.93/60.5 = 0.0154. 

(e) From eqns. (5) and (15) (the solid curve of Fig. 26.4) 

(2 x 60.5 x 4.12) 
Stage gam = 0.996 

= 249 times or 47.9 db. 

(f) The completed transformer has primary and secondary Q's of 150 (before 
connection into the receiver), a coefficient of coupling equal to 0.0154 (which 
is 0.93 of critical-coupling when the transformer windings are loaded) 
primary and secondary inductances of 1.44 mH and tuning capacitances of 
85 fifiE (including strays). The stray capacitances across the primary 
would be valve output (7 /x/xF for type 6SK7) plus distributed capacitance of 
winding, plus capacitances due to wiring and presence of shield can ; across 
the secondary there would be diode input capacitance (about 4 /x/xF for a 
typical case), plus distributed capacitance of secondary winding plus wiring 
and shield can capacitances. The total capacitances can be measured in the 
receiver or estimated using previous experience as a guide ; typical values 
would be 10-20 n/xF depending on the type of i-f transformer, valves etc. 
If the second valve is not a diode, the input capacitance should also include 
that due to space charge, Miller effect etc. as discussed in Chapter 2 Sect. 8 ; 
Chapter 23 Sect. 5 and Sect. 7 of this chapter. However, in most practical 
cases the total capacitance across the secondary is estimated by adding a 
suitable value to the valve input capacitance. Changes in input resistance 
which would affect the loading across the i-f transformer secondary, are also 
discussed in these same sections. Input capacitance changes with a.v.c. 
are considered in Sect. 7 of this chapter. 

(g) A complete resonance curve can be obtained from Fig. 9.17 (Chapter 9 
Sect. 10), by taking 

D = Q2Af/f (= X) and b = Qk = k/k c , 
or directly from the design equations (20), (21) and (22). 

(v) F-M i-f transformers 
(A) Design data 

The design methods given so far are applicable to both F-M and A-M transformers, 
but there are additional data available which will be of assistance (see also Sect. 9(ii) 
of this chapter for an alternative design procedure based on permissible non-linear 
distortion). 

Bandwidth requirements are of importance, and it is fairly generally accepted that 
the i-f amplifier should be capable of passing all significant sideband frequencies 
of the frequency modulated wave ; where significant sidebands are taken as those 
having amplitudes which are greater than about 1% of the unmodulated carrier 
amplitude. The bandwidths for this condition can be found from Table 4 (see also 
Ref. 19) for commonly occurring values of modulation index. 
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TABLE 4. BANDWIDTHS FOR USE WITH F-M TRANSFORMERS 

AF carrier frequency deviation 



Modulation Index = 
AF 



f audio modulating frequency 



Values for -7- may be interpolated with sufficient accuracy 



AF/f 
Bandwidth = 


0.01-0.4 
2/ 


0.5 
4/ 


1.0 

6/ 


2.0 
8/ 


3.0 
12/ 


4.0 
14/ 


5.0 
16/ 


6.0 
•18/ 


AF/f 
Bandwidth = 


7.0 
22/ 


8.0 
24/ 


9.0 
26/ 


10.0 
28/ 


12.0 
32/ 


15.0 
38/ 


18.0 
46/ 


21.0 
52/ 



As an example, for the F-M broadcast band AF = ±75 Kc/s and the highest 
audio frequency is 15 Kc/s, then AF/f = 75/15 = 5. 

Then the required bandwidth is 16 x 15 = 240 Kc/s. 

The highest audio frequency is chosen because this imposes the most severe re- 
quirements on bandwidth ; e.g. suppose we had taken/ = 7.5 Kc/s, then the modula- 
tion index would be 10, and the bandwidth = 28/ = 28 x 7.5 = 210 Kc/s. 

The bandwidths actually employed in a receiver should also make allowance for 
possible drift in the oscillator frequency. A reasonably good oscillator should not 
drift by more than about ± 20 Kc/s when operating around 110 Mc/s ; so that an 
additional 40 Kc/s should be added to the bandwidth. Of course, this is only a rough 
approximation, since the oscillator frequency variation is random and would intro- 
duce additional frequency modulation ; the determination of the true bandwidth 
would be quite a difficult problem, unless several simplifying assumptions are made. 

From what has been said, it appears that the receiver total bandwidth should be 
about 280 Kc/s to fulfil the most severe requirements. However, most practical 
receivers limit the total bandwidth to about 200 Kc/s, which is not unreasonable 
since the average frequency deviation is about ± 50 Kc/s. 

For such large bands of frequencies to be passed through tuned circuits which do 
not give transmission (for the bandwidth desired) without attenuation it is necessary 
to have some criterion which will allow the permissible amount of attenuation to be 
estimated. To eliminate non-linear distortion the circuits should provide a uniform 
amplitude and a linear phase characteristic over the operating range. Curvature of 
the phase characteristic of the tuned circuits will cause non-linear a-f distortion, while 
curvature of the amplitude characteristic may cause additional distortion if the ampli- 
tude happens to drop below the operating voltage range of the amplitude limiting 
device incorporated in the receiver. A suitable criterion can be determined from the 
phase angle/frequency characteristics of the tuned circuits (the phase angle being 
that between the secondary current at resonance to that at Af c/s off resonance). 
Inspection of universal phase shift curves will show that the greatest range of linearity 
of phase shift versus frequency change, is given by critically-coupled transformers 
(Ross, Ref. 2) ; but slight overcoupling does not lead to excessive non-linearity, 
Overcoupling has some advantages, in particular slightly greater adjacent channel 
selectivity can be obtained ; but there is the disadvantage of more difficult circuit 
alignment. As an extension of this work, Ross (Ref. 2) has also shown that for a 
critically-coupled transformer a suitable criterion of permissible non-linearity is that 
X > 2 (24) 

where we will take 

X = (2Af/f )Q (this is the same X as previously) 

2Af = total bandwidth 
f = central carrier frequency 

and Q =VQi<22 (where Q x and Q 2 are the primary and secondary magnification 
factors). 
The amount of introduced amplitude modulation can be estimated from 
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P + 1 

where m = amplitude modulation factor 

and p — attenuation at a bandwidth of twice the deviation frequency (i.e. 2 Af). 

Fig. 26.6 shows directly values of m for various values of X. Values of m are of 
importance since they allow an estimate to be made of the amplitude limiting re- 
quirements demanded from whatever device is incorporated in the receiver to " iron 
out " amplitude variations. 

Many F-M receiver designs allow anything 
from 20% to 50% of introduced amplitude 
modulation, but these figures should always 
be considered in connection with the amount 
of non-linear distortion introduced by the 
tuned circuits [see Sect. 9(8)]. Good designs 
often allow considerably less than 20% of 
introduced amplitude modulation. 

It is also worth noting, before leaving this 
section, that the carrier frequency should 
be regarded as a reference point only, since, 
unlike amplitude modulation, its amplitude 

varies and becomes zero under some conditions of modulation. This is the 
basis of a method due to Crosby (Ref. 25) used for measuring frequency deviation. 

(B) Example 

A F-M i-f amplifier is required using three critically-coupled transformers. The 

» * *W * V .. 4..^. V/ W feu*.**. t**-w ^..^^^.^....WJ ««* » *.~. b ..Vs. U _J_ ■ -. ^VW/ O , t*iv O.J.^^^WOI. €i A ,l.LAV/V«.UJU&l..LXAg 

frequency is 15 Kc/s (critical-coupling has been selected in this case but a combina- 
tion of critical and over-coupled transformers might lead to a better solution). 

The converter valve to be used has a conversion r P of 1.5 MQ and a conversion con- 
ductance of 475 jumhos ; and the two i-f valves each have plate resistances of 2 MQ 
and g m = 5000 /nmhos. 

(a) For simplicity it will be taken that any additional selectivity, due to the other 
tuned circuits in the receiver, is negligible. Also, as will be illustrated, the 
dynamic impedances of the i-f transformers will be so low as to render ad- 
ditional damping due to plate and grid input resistances negligible ; this is 
not true, however, if the final transformer is connected to a limiter stage 
because of grid current damping — some consideration will be given to this 
later. 

(b) From previous considerations regarding bandwidth, in connection with 
Table 4, we will adopt 220 Kc/s as a compromise. 

If we design on the limit of X = 2, then from eqn. (3) 
2 x 10.7 X 10 6 
Q = — , M = 97.4 



97.4, 24/ = 150 Kc/s, N = 3 then X = 



220 x 10 3 
and k e = 1/Q = 0.0103. 

(c) From eqns. (1) and (3), since Q 
1.365 and P = 2.55. 

From eqn. (25), or Fig. 26.6, 
2.55 - 1 
m = s^5 — ; — 7 = 0.436 or 43.6% amplitude modulation. 

2.DD + 1 

(d) This is a severe additional requirement for limiters etc., and could also lead 
to high distortion, although the condition for linearity of phase shift with 
frequency is fulfilled. The distortion can be found from eqn. (54) for each 
of the transformers. 

Select suitable values for C t and C 2 . To obtain the highest possible dynamic 
impedance these are usually made rather small. Take 

d — C 2 = 60 /xpF (including strays) 

25 330 
L(= Ll = L 2 ) = 1QJ2 x 6Q = 3.68 pH. 



(e) 
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There would be an advantage in making C x < C 2 and L x > L 2 but this is 
awkward for winding i-f's on a machine. 

(f) The dynamic impedance of each winding (considered uncoupled from one 
another) is 

R = Q<d L = 97 .4 x 2tt x 10.7 x 3.68 = 24 000 Q 
which is very much less than the valve plate or input resistances in typical 
stages. 

(g) To find the overall gain of the i-f stages : — For the first stage, connected to 
the converter, we are concerned with conversion gain. 

From eqn. (5) and step (f), 

Conversion gain = 475 x 10- 6 x 24 000/2 = 5.7 times (15.1 db). For 
the second and third stages in each case, gain = 5.7 x 5/0.475 = 60 times 
(35.6 db). Hence the overall gain is 15.1 + (2 x 35.6) = 86.3 db. 

(h) If the third transformer connects to a limiter its design should be modified 
for best results ; however, this is not done in many receivers. Grid current 
will alter the effective input capacitance of the limiter valve and cause very 
appreciable detuning of the transformer secondary. To overcome this 
detuning it may be necessary to make the pass band of this transformer 
somewhat greater than for the other two, or else to use a very large capacit- 
ance (of the order of 600 ^/*F) to tune the secondary (tapping down is also 
effective). It has also been suggested that Q x should equal Q 2 in this case 
(Ref. 21). The important point, apart from possible distortion, is that the 
susceptibility to certain types of impulse noise is increased if the tuned 
circuits are not accurately aligned to the centre frequency of the discrimina- 
tor. Further, when the i-f circuit is detuned, additional amplitude modu- 
lation will be introduced, and this increases the difficulty of obtaining effective 
limiting. Grid current damping, of course, would tend to offset the effect 
to some extent (see also Refs. 21, 24). Since this transformer Would pro- 
bably be non-standard in any case, it would be advantageous to make L x as 
large as possible, to assist in keeping the stage gain high. This follows as 
a result of the stage gain being directly proportional to \ /f L 1 L 2 Q 1 Q i = LQ. 

(i) It is important to check whether the i-f transformers will provide sufficient 
adjacent channel selectivity; This will depend on the frequency allocations 
of the various transmitters. In the U.S.A. local F-M transmissions are 
usually spaced 400 Kc/s apart, and the past experience of some designers 
has indicated that adjacent selectivity is adequate if the receiver bandwidth 
is not more than about 800 Kc/s for a relative attenuation of 60 db. 

In the example above there are three critically-coupled transformers each 
having a nominal Q of 97 : 

From Table 1, X = 4.46 for 60 db attenuation. 

From eqn. (3) 

Xf 4.46 x 10.7 X 10 6 
2Af = -jg- = = 494 Kc/s. 

However, commercial F-M receivers have given reasonably satisfactory 
performance with two i-f transformers with Q's of about 75 leading to a band- 
width of 1140 Kc/s for 60 db attenuation. It might also be noted that larger 
commercial receivers generally use three transformers with Q's of about 
70 to 75 and not 97 as found in the worked example, which is not to be taken 
as indicating good design practice. 

Whether the selectivity performance is entirely adequate will depend very 
largely on the relative field strengths of the desired and undesired trans- 
missions at the point of reception, and it is to be expected that more exact 
figures will only be decided on after a number of years' experience with 
practical operating conditions. The problem is similar to that of the A-M 
broadcast receivers (using 455 Kc/s i-f transformers) where it is usually 
taken that adjacent channel selectivity will be adequate if the overall band- 
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width does not exceed about 40 Kc/s for 60 db attenuation relative to the 
response at the centre frequency, although many commercial receivers have 
bandwidths of less than 30 Kc/s for the same attenuation. 

(vi) I-F transformer construction 

The methods of (i) to (v) in this section will allow the necessary design data for an 
i-f amplifier to be collected together. The final step is to determine the winding 
details and physical arrangement of the transformers. It is not proposed to discuss 
the merits of various types of windings, but merely to give a few details which have 
proved helpful in practice. 

For transformers working at the higher frequencies, the windings are quite often 
solenoids and the determination of the number of turns required is a simple matter. 
Satisfactory results can be obtained by applying Hayman's modification of Wheeler's 
formula as given in Chapter 10. Methods are also set out for determining the number 
of turns per inch, and suitable wire diameters for obtaining optimum values of Q. 
Usually wire gauges between 18 and 28 s.w.g. are suitable as they are not so heavy 
as to be awkward to bend and they do not tear the usual type of coil former when the 
construction requires the leads to be passed through the inside of the former down to 
the base connections. Some error in the calculated number of turns will be apparent 
unless allowance is made for the inductance of leads. The number of turns required 
is finally determined experimentally in any case so that the calculated number of turns 
provides a good starting point. 

Measurements must always be made with the coils in the cans because the effects 
of the can, brass mounting bosses, slugs etc. on inductance and Q are quite large. 

Powdered iron " slugs " are commonly used for setting the inductance values and. 
for 10.7 Mc/s in particular, the iron must be very finely divided if the coil Q is not 
to be seriously changed as the cores are moved through the. windings. Sufficient 
inductance variation also requires that the "slugs" have a certain minimum size. 

Silvered mica fixed capacitors are to be preferred for good frequency stability with 
temperature changes, particularly at high frequencies such as 10.7 Mc/s, and tem- 
perature compensation using negative temperature coefficient capacitors is essential 
if the best results are to be obtained. Cheaper mica types are very often used at the 
lower frequencies around 455 Kc/s. If capacitance trimmers are to be used, care 
must be taken in their choice as pressure types are often mechanically unstable and 
sometimes have very low Q values. Suitable wax or other treatment should be 
applied to fixed capacitors to offset the effects of changes in humidity. 

Coils should be baked* to remove moisture and then given suitable wax or varnish 
treatment to prevent humidity changes altering their properties. The electrical 
characteristics of the coils will be altered by wax etc. and it is essential to check the 
final values for Q, k etc. after the treatment is complete. 

Typical former diameters for i-f transformers range from about f in. to f in., and 
the grade of material used for the former will affect the stability of the transformer 
directly when variations in temperature and humidity occur. 

The design of transformers with pie windings (a larger number of pies generally 
reduces distributed capacitance and increases Q) is not as simple as for solenoids since 
most equations require a knowledge of coil dimensions which are not always available. 
There are also optimum sizes of winding to give the highest possible Q — see Chapter 
10. A method which has proved satisfactory in practice is to make measurements 
on various types of coils which are likely to be used fairly often and apply the re- 
lationship 

N = BVZ (26) 

where N = turns per pie 

L = inductance in ^H 
and B = experimentally determined constant. 

As an example : A winding is to be made to have an inductance of 1.44 mH. Pre- 
vious experiments have shown that, in the frequency range of 300-900 Kc/s and for 

*See also Chapter 11 Sect. 7. 
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an inductance of about 0.5-2 mH, a two pie winding on a 9/16 in. former (each pie 
5/32 in. wide, with 3/32 in. spacing between the pies and using 5/44 A.W.G. Litz 
wire) has the factor B = 4.33. Then from eqn. (26) 

N = 4.33\/l440 = 165 turns per pie ; 
the two pies each of 165 turns, being connected series aiding. The same method 
can be applied in cases where it is convenient, to any type of winding. 

Since the presence of the iron " slug " will affect inductance (and r-f resistance) 
it is necessary to determine its effect and also to calculate the variation in inductance 
which can be made. The turns required are found for the condition with the " slug " 
in the winding and in the position giving the mean inductance value. This means 
that the value of L used in eqn. (26) will be less than the calculated value by the in- 
crease due to the iron. 

The value of the inductance (L) using a powdered iron core (e.g. magnetite) can 
be found from 

L=L [l + «(^)'(|)( M ^ - 1)] (27) 

where L = inductance of air cored coil 
r t = radius of iron core 
r 3 = mean radius of coil 
/ x = length of core 
/ 2 = length of coil 
/x eff = effective permeability of iron core (Refs. 88 and 89 list values for p 
and fi e/f for various types of iron powders ; typical values for /x eff are 
from 1.5 to 3, depending on the type of iron) 
a — 0.8 when l x < l 2 
and a = 1 when / 2 < / x . 

The iron cores in common use are about f in. to f in. in diameter and range in length 
from about I in. to 1 in. An inductance change of about ± 10% when the " slug " 
is moved through the winding, is generally sufficient for most requirements. The 
dimensions required for solving eqn. (27) are available if the experimental procedure 
previously suggested has been carried out on air cored coils ; or the whole procedure 
can be carried out experimentally. 

Some manufacturers make up 455 Kc/s i-f transformers completely enclosed in 
powdered iron pots. There is often little difficulty with this construction in obtaining 
<2's in the order of 150. Stray capacitances are often large, however, and sometimes 
lead to very unsymmetrical resonance curves. 

At the lower frequencies (up to about 1 or 2 Mc/s) Litz wire is advantageous for 
obtaining high Q values and 3, 5, 7 and 9 strands of about 44 A.W.G. (or near S.W.G. 
or A.W.G. gauges) wire are common ; Q values greater than about 120 will require 
some care in the transformer construction, and the size of can selected will materially 
affect the value obtainable (see Ref. 91 for illustration). 

The required values of L 13 L 2 , k, etc. for developmental purposes are conveniently 
found using a Q meter. Methods for setting k, using a Q meter, have already been 
outlined in this section. For an experimental transformer it is of assistance to place 
the windings on strips of gummed paper (sticky side outwards) wrapped around the 
former. In this way the windings can be moved quite readily along the former. 

It should be noted that some variation in k can be expected when the transformer 
is connected in the receiver because of alteration of" slug " position, added top capacit- 
ance coupling (this occurs for example because of capacitance between the a.v.c. and 
detector diodes) etc. Regeneration is also troublesome as it alters the effective Q 
values, and hence the conditions for critical k. To avoid overcoupling it is sometimes 
desirable to make the value of k somewhat less than is actually required (often about 
0.8 to 0.95 of the critical value depending on the receiver construction and i-f). If 
all added coupling is accounted for and the Q values are those specified then no diffi- 
culty arises. Some slight increase in coupling, in the receiver, is not necessarily 
serious, because the loaded primary and secondary 2's are not always equal. In this 
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case a double hump in the secondary voltage does not appear until transitional coupling 
has been exceeded, and the k required for this to occur is always higher than k critical ; 
transitional and critical k are the same, of course, when primary and secondary Q's 
are equal. 

For the capacitance and mutual inductance coupling to be aiding, the primary and 
secondary windings are arranged so that if the plate connects to the start of the prim- 
ary, then the grid (or diode plate) of the next stage connects to the finish of the second- 
ary winding ; both coils being wound in the same direction. This method of con- 
nection also assists in keeping the undesired capacitance coupling to a minimum. 
The order of base connections is also important in reducing capacitance coupling and 
the grid and plate connections should be as far from one another as possible. 

The cans to be used with i-f transformers should be as large as is practicable. They 
are generally made from aluminium, although copper was extensively used at one time. 
Cans should preferably be round and seamless. Perfect screening is not obtained, 
in general, and care is necessary in the layout of the various stages to ensure that the 
transformers are not in close proximity to one another. When mounting the trans- 
former into a can, if there is a choice as to the position of the leads (although this is 
largely determined by the valve type available) it is always preferable to bring the con- 
nections for each winding out to opposite ends, as this reduces stray capacitance 
coupling. The effects of the coil shield on inductance and r-f resistance can be cal- 
culated (see Chapter 10 and Ref. 4, p. 134) and the results serve as a useful guide, but 
direct measurement on the complete transformer is the usual procedure. Mechanical 
considerations generally ensure that the can is thick enough to provide adequate 
shielding (for considerations of minimum thickness see Ref. 4, p. 135). 

xAi*i-i-»r*/4o f/vr ^**terminin£ sear ratios winding ""itch and so on for use wi -1- ^ 1 °*"»*i 
winding machines are discussed in the literature (Refs. 29, 30, 31, 32) ; see also Chapter 
11, Sect. 3(iv) in particular. 

Finally, the measure of the success of any i-f transformer design will be how closely 
the predicted performance approaches the actual results obtained when the transformer 
is connected into the receiver. 

(vii) Appendix : Calculation of Coupling Coefficients 

For the calculation of the coefficient of coupling (see also Chapter 9) it is helpful 
to use the following rules of procedure : 

(a) If the coupling circuit is drawn as a T section, the coefficient of coupling is 
given by the ratio of the reactance of the shunt arm divided by the square root of the 
product of the sum of the reactances of the same kind in each arm including the 
shunt arm, 

X m 

~ V(*i + x m xx 2 + xj 

(b) If the coupling circuit is drawn as a II section, the coefficient of coupling is 
given by the ratio of the susceptance of the series arm divided by the square root of 
the product of the sum of; the susceptances of the same kind in each arm including 
the series arm, 

~ V(#i + B n XB a + B m ) 
A few examples will now be given to illustrate the procedure. From rule (a 
applied to Fig. 9.15, 

X m L. m 

k = 



V(*i + X m )(X z + X m ) vUi + L JCL, + L m ) 
For Fig. 9.12 using rule (b) 

B m C m 



k = 



V(Bi + B J(B, + B m ) V(C + C m )(C 2 + CO 
For Fig. 9.14 using rule (a) 
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For Fig. 9.13 using rule (b) 

k = 1/Lm = I UU 

J (* + V) (\- + V) (Ll + LmXL2 + Lm) 

^J-'l L m / YL 2 i-"m' 

It is sometimes helpful to make use of the obvious relationship in the form of k 
for the two types of circuit, by drawing dual networks and writing down the value of 
k for the duals as though capacitances were inductances and vice versa, e.g. the in- 
ductances of Fig. 9.13 are the duals of the capacitances of Fig. 9.14, and so the value of 
k is written down for, say, Fig. 9.14 and if k is required for Fig. 9.13 we merely sub- 
stitute the symbols L x L 2 L m for C x C 2 C m . 

As a more difficult example the coefficient of coupling for Fig. 9 16(A) will be cal- 
culated. Firstly redraw the two coupled circuits as two T sections and then combine 
the two directly connected series arms. The complete coupling circuit now com- 
prises a series arm L x — M x ; a II section made up from M x , L x — M x 
-+- L 2 — Af 2 , M 2 ; a series arm L 2 — M 2 . Transforming the H section to a T 
section and adding the two series arms of the previous circuit to the new series arms, 
we have a single T section in which the first series arm is 

M X {L X ' -M x + W - Af 2 ) L X (L X ' + L,Q - M^M, + M 2 ) 

TZTu + Ll " Ml = lTVl! 

the second series arm is 

M 2 (L X ' - M t + U - M 2 ) L _ M = L 2 {L X ' + L,Q - M 2 (M X + Af 2 ) 

JLi + jL 2 Lii -\- Li 2 

M X M 2 
and the shunt arm is . , , T , • 

■L-i + L, 2 

Applying rule (a), and writing L m = L x + L 2 , 

M x M t 



k = 



\/[L 1 L m - M X (M X + M 2 ) + M x M 2 ][L 2 L m - M 2 (M X + M 2 ) + M X M 2 ] 
M X M 2 



V(L x L m - M x *){L 2 L m - AV) 
k x k 2 

= V(i - k x *xi -*,») 

where k x — , • a* 1 " »a 



VL x L m y/L 2 L m 

As a further example a bridged T coupling section will be considered, made up 
from inductances bridged by a capacitance. This corresponds to the familiar case 
of a mutual inductance coupled transformer with added top capacitance coupling 
(e.g Fig. 9.16D) and also refers to any practical i-f transformer because of the presence 
of stray capacitance affecting the coupling between the primary and secondary wind- 
ings. 

The procedure in this case is to use rule (a) and determine the coupling coefficient 
due to mutual inductance (the inductances are considered as forming a T network) ; 
call this k m . Next use rule (b) to determine the coupling coefficient due to capacit- 
ance coupling (the capacitances form a U network) ; call this k e . Then if the con- 
nections are such that the two forms of coupling aid each other, the resultant coupling 
coefficient is 

1 ~r fim^c 

and if k m k c < 1 then 
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k T = k m + k e (approximately). 
For the case of the two forms of coupling being in opposition 

1 Km&c 

and if k m k e << 1 then 

k T = k m — k c (approximately). 

The above expressions for k T can be derived quite simply from data given in Ref. 
101, or directly using a similar method to that set out below. The results are most 
helpful in determining rapidly the effect of additional top capacitance coupling e.g. 
an i-f transformer is connected between the last i-f amplifier valve and a diode de- 
tector, and the a.v.c. diode is connected to the primary of the transformer in the usual 
manner. Then clearly there is top capacitance coupling added across the i-f trans- 
former due to the direct capacitance between the two diodes, and a knowledge of the 
.value of this capacitance will allow the added coupling to be taken into account when 
designing the transformer. If the capacitance value is not known its effect can be 
estimated when a response curve is taken. 

This method for finding k T can be applied in exactly the same way to a bridged T 
coupling network in which the two main series arms are inductances with mutual 
inductance coupling between them, the shunt arm is a capacitance and the T is bridged 
by a capacitance. 

An alternative procedure, and a most important one, for determining k will now 
be discussed. This method can be applied quite generally to determining coupling 
coefficients for H and T networks which have L l C 1 = L 2 C 2 . The method is due to 
Howe and the reader should consult Refs. 99 and 100 for a more detailed explanation. 
This procedure uses the relationship 
co, 2 — CO, 2 



O)! 2 + co 2 2 

where co t is the higher angular frequency of free oscillation in the circuit and « 2 is 
the lower angular frequency of free oscillation. 




FIG. 26.6 A FIG. 26.6 B 

a*! is calculated from Fig. 26.6A, which shows a symmetrical T network with mixed 
coupling, by considering the capacitors C to be charged as shown. During the dis- 
charge of the capacitors it is clear that L m C m have no effect on the resonant frequency 
in this case, and 
c^ 2 = 1/LC. 

co 2 is calculated from Fig. 26.6B in which the capacitors C are charged as shown. 
In this case, when the capacitors are discharging, it is convenient to consider the 
shunt arm as being made up of two equal parts each carrying the primary and second- 
ary current alone ; the reactances of L m and C m being doubled to allow for the single 
current. Then 

1 



(L 



so that k 



2L 



L m C„ 



,)/• CCJ2 \ 
\C + CJ2J 



+ 
LC 



L m C„ 



+ LC + LC m 

A somewhat similar procedure can be applied to a II network, or an equivalent T 
network can be found and the above procedure applied. 
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For cases where the sections are unsymmetrical some modification in the procedure 
is necessary. Taking the case of a T section using inductance coupling (with Lj C = 
L^Cn) the shunt arm is replaced by two inductances (x x and x 2 ) in parallel such that 
their combined inductance equals that of the shunt arm (L TO ) and such that the values 
selected will give equal resonant frequencies for the two circuits 

L>2 -\- x% G'i 
The case of capacitance coupling is treated in a similar way. The procedure is then 
exacdy as before for the symmetrical coupling network. There would be litde diffi- 
culty in extending this procedure to the case of the unsymmetrical T section using 
mixed coupling, but it is worth noting that numerical solutions are much easier to 
handle than a general algebraic solution even in the case of simple coupling. 

For the two mesh network just considered, using mixed coupling and in which 
Z^C = L 2 C 2 it is usually simpler to use the relationship 

, Km i Kg 

* T ~ 1 ± k m k e 

as was done for the bridged T network. Taking the example just considered, 



L + L m 
C 

C + C 



and k-r = 



L + L m C + C t 



T . L m C 



(L + L m )(C + O 
Lm.C-i — LC 



L m C m + LC + LC m 
exactly as before. 

It should be carefully noted that in all cases of mixed coupling the sign of L m is 
most important. For the example just given L m was taken as being positive ; this 
is the case of the two forms of coupling being in opposition, and zero voltage transfer 
occurs when the shunt arm is series resonant. With L m negative the two forms of 
coupling aid each other and there is no series resonant frequency. The aiding con- 
dition, which is the one usually required, is possible only when the coupling between 
the two inductances is due to mutual induction, as a physical coupling inductance 
would act so as to oppose the capacitive coupling. 

The methods given so far, for determining the coupling coefficient, are useful for 
the types of circuit considered. However, it should be observed that they can be 
applied directly only to the following cases : 

(1) Circuits having coupling elements all of the one kind i.e. all capacitances or all 
inductances (simple coupling). 

(2) Circuits having mixed coupling in which the primary and secondary circuits 
are tuned to the same frequency. However, it is only necessary that L X C = L 2 C 2 
and the primary and secondary circuit elements need not be identical. 

Determination of k for the cases just stated usually presents litde difficulty and is 
simplified by choosing one or other of the procedures outlined j , these cases cover 
most practical requirements. A real difficulty does arise when the primary and 
secondary are tuned to different frequencies and the coupling is mixed. 

It may now be of interest to consider the procedure given below which makes use 
of the result obtained by Howe (Ref. 98) and follows from the definition that the 
coupling between two circuits is the relation between the possible rate of transfer of 
energy and the stored energy of the circuits ; by the possible rate of energy transfer 
is meant the rate of energy transfer in the absence of all resistance other than that 
utilized for coupling. 
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The definition leads to the relationship 









where we have taken for our purposes that 

«! = 27r x resonant frequency of primary circuit with sec. o/c 
a> 2 = 2-n- x resonant frequency of secondary circuit with pri. o/c 
-^12 = voltage transferred from primary to secondary 

= Z„ for a primary alternating current of 1 amp. and angular frequency (o t 

12 

E 21 = voltage transferred from secondary to primary 

— Z m for a secondary alternating current of 1 amp. and angular frequency 

21 

co 2 

W ± = maximum energy stored in primary circuit for an alternating current 

of 1 amp. 
W 2 = maximum energy stored in secondary circuit for an alternating current 
of 1 amp. 
This method can be applied to any two oscillatory circuits coupled together in any 
manner, when all the elements are linear and bilateral. 

As a simple example consider the case covered previously of an unsymmetrical 
T section of inductances. Then 

Z m = ca x L m i Z m = o 2 L m i W t = L x + L m ; W 2 = L 2 + L m 



and k = - 7=a /- 



a f *■ ' <L -J- L V L* 4- L "J 



exactiy as before. 



vUi + L m )(L 2 + L m ) 

It can be seen that the primary and secondary frequencies need not be considered 
in cases of this type involving simple coupling only. 

Now consider an unsymmetrical T section with mixed couplings and different 
primary and secondary resonant frequencies : 



Z m = oi 1 L m — — — = (x> x \L m — — 2 ~^r) 



1 

<OqL m — z: 



W x = L x 4 L r 
W 2 = L 2 + L, 



.)0 



1 / oii^l L m — 

V"i«. > (L, 4 L m )(L 2 4 L m ) 

*cj \ m <o» 2 C m J 



CU! 2 C 



(L t 4 L m ){L 2 4 L m ) 



and since 

Ci 4 C r 



(L x 4 LJdC 
Co 4 C m 



(L 2 4 L m )C 2 C m 
the expression for k can be rewritten as 



v < l * 



, _ , \L m C m — L x Ci){L m C m — L 2 C 2 ) 



4 L m )(L 2 4 LJCd 4 C m )(C 2 4 C m ) 
It should be carefully noted that the co t and w 2 used here are not the same as found 
previously for the natural resonant frequencies of the coupled circuits. 
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If now we take L x 
L m C , 



L 2 = L and d = C 3 = C, 
- LC 



.(L + L m ){C + C m ) 
Since this case corresponds to that used in connection with Figs. 26.6A and 26.6B 
it would be expected that the results would correspond. However, it is seen that 
there is an additional term L m C in the denominator of the second solution. This is 
explained by the method used for determining w 1 and a> 2 in the latter case, and so 
the method as given here cannot be considered exact. The approximation involved 
in this particular example is that the result is equivalent to 

k T = k m ± k c and not k-. 



1 it fi m R c 



This is seen quite readily because 
L m C 



and so k T = 



L, 

n(C+ C, 



c + c m 

) - C{L + L, 



n) 



L m (j m LCi 
(L+ L m )(C + C m ) 



(L + LJ(C + C n 
which is the result just obtained. 

A rather similar difficulty occurs when determining the central reference frequency 
for the transformer of Fig. 26.2. The angular frequency (o>) is determined exacdy 
as above by considering the secondary on open circuit, and for this case 



■J- 



+ "»2 



where «j and w 2 are now determined in the same way as for Figs. 26.6A and 26.6B. 



SECTION 5 : VARIABLE SELECTIVITY 

(i) General considerations (ii) Automatic variable selectivity. 

(i) General considerations 

Any method giving variable-coupling may be used to provide variable selectivity. 

Variable-coupling by means of pure mutual inductance is the only system in which 
mistiming of the transformer does not occur without introducing compensation of 
other component values. As the coupling is increased above the critical value, the 
trough of the resonance curve remains at the intermediate frequency (Ref. 8). 




With any other type of coupling which has no mutual inductance component, one 
of the two humps remains at the intermediate frequency. The mistuning is then 
half the frequency bandwidth between humps. 

The method of switching tertiary coils approximates*far more closely to the curve 
for pure mutual inductance (M in Fig. 26.7) than it does to the other curve. The 
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tertiary coil may have no more than 5% of the turns on the main tuning coil and less 
than 0.5% ratio of inductance. The symmetry of the overall selectivity .curves is 
usually good. 

Variable capacitance coupling may be used and the coupling capacitor may be either 
a small capacitor linking the top end of the primary to the top end of the secondary 
or it may be a common capacitor in series with both primary and secondary circuits. 
This latter arrangement is commonly known as " bottom coupling." 

For " top coupling " very small capacitances are required and the effect of stray 
capacitances is inclined to be serious, particularly in obtaining low minimum coupling. 
It may be used, however, with a differential capacitor arrangement whereby con- 
tinuously variable selectivity is obtained (Refs. 41, 42). The differential capacitance 
in this case adds to or subtracts from the capacitance in the primary and secondary 
circuits to give the requisite tuning. The disadvantage of this arrangement is that 
sufficiently low minimum coupling is very difficult to obtain and the capacitor is a 
non-standard type. 

" Bottom coupling " has results similar to " top coupling," but is easier to handle 
for switching and also has advantages for low coefficients of coupling. A two or three 
step tapping switch may be used to give corresponding degrees of bandwidth pro- 
vided that simultaneously other switch contacts insert the necessary capacitances in 
the primary and secondary circuits, for each switch position, to give correct tuning. 




A.V.C.LINET 
TWO POSITION SELECTIVITY FIG. 26. 7A 

One such bottom coupling method which requires the minimum of switching for 
two degrees of coupling is shown in Fig. 26.7A (Ref. 42a). The two coils L x and L 2 
should each be in a separate shield can. With switch S 1 in the position shown, the 
selectivity is broad ; in the lower position the selectivity is normal. Capacitances 
as shown are only illustrative. The same principle can be used for three values of 
coupling, using seven capacitors. 

In most cases, the second i-f transformer is slightly under-coupled and its peak is 
used to fill in the " trough " between the peaks of the first transformer in its broad 
position. 

A wide variety of circuit arrangements for obtaining variable selectivity has been 
described in the literature. Design methods and practical constructional details 
for many of these can be found in the references listed at the end of this chapter. 
Further discussion is also given in Chapter 11, Sect. 3(iii). 

(ii) Automatic variable selectivity 

Automatic variable selectivity allows the bandwidth of the i-f amplifier to be varied 
with signal strength, the pass band being a maximum for the strongest signal. 

Many types of circuits have been developed using variable circuit damping, varying 
coupling reactance and circuit detuning. A number of the circuits are not very 
practical arrangements since they involve the addition of a number of valves whose 
sole function is to provide variable bandwidth. 

One interesting circuit arrangement (Ref. 46), which does not require any additional 
valves, is shown in Fig. 26.8. 

To understand the operation of the circuit it is first necessary to consider what 
happens in an ordinary mutual inductance coupled transformer. It is well known, 
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when two circuits are coupled together, that there is a back e.m.f. induced in the 
primary winding from the secondary which will have a marked effect on the magni- 
tude and phase characteristics of the primary current as a function of frequency. 
The primary current response curve exhibits a double peak at values of k even less 
than critical, because the back e.m.f. represents a voltage drop that decreases rapidly 
on either side of the resonant frequency. Double peaking of the primary current is 
masked in its effect on the secondary current by the selectivity of the secondary circuit. 
When the coupling exceeds critical (actually transitional) coupling the secondary 
current exhibits two peaks, but to a lesser extent than the primary current. 




F VOLTAGE 
AMPLIFIER 
(6K7) 
V 2 



L|-l'l8mH 
L2" ll4mH 
M-28-7pH 
Q|-a 2 = M5 
L| 4L 2 WOUND IN 

SAME DIRECTION 
(BUT CONNECTED 

AS SHOWN) 



A.WC. 
AUTOMATIC SELECTIVITY ARRANGEMENT 



If the magnitude of the counter e.m.f. is increased by increasing the mutual in- 
ductance, and at the same time a voltage of almost equal magnitude and opposite 
phase is added in series with the primary circuit, a single peak of output current can 
be obtained in the transformer secondary. The additional series voltage, so intro- 
duced, will increase the stage gain and selectivity from the condition which existed 
prior to its introduction ; in our case the prior condition is that the stage gain is less 
and the secondary current has two peaks, i.e. the transformer is initially over-coupled. 

In the circuit of Fig. 26.8 the valve F 2 performs the dual functions of amplification 
and production of the series voltage to be added to the primary circuit. A resistance 
in the cathode of V 2 produces an a.c. voltage drop, which is proportional to the g m 
of the valve and the secondary current of the transformer ; this voltage drop across 
the cathode resistor is the one applied back to the transformer primary. When a 
strong signal is being received a.v.c. will increase the bias on the grid of V 2 and so its 
g m is reduced. When the g m (and consequently the voltage drop across the cathode 
resistor) is sufficiently small, peak separation is obtained ; the width between the 
peaks depending on die value of mutual inductance. Weak signals reverse the pro- 
cess and narrow down the overall response curve. 

A quantitive analysis (setting out design data and instability conditions) is given 
in the Ref. (46). For the circuit of Fig, 26.8 the peak separation is given as 8 Kc/s 
foi an i-f of 450 Kc/s. Other designs are shown for peak separations of 15 Kc/s 
and also for obtaining two position automatic selectivity ; the latter arrangement 
necessitates the use of a relay. 

Other types of automatic selectivity are discussed in the references listed. 



SECTION 6: VARIABLE BANDWIDTH CRYSTAL FDLTERS 

(i) Behaviour of equivalent circuit (ii) Variable bandwidth crystal filters (jit) De- 
sign of variable bandwidth i-f crystal filter circuits (A) Simplifying assumptions (B) 
Gain (C) Gain variation with bandwidth change (D) Selectivity (E) Crystal constants 
(F) Position of filter in circuit (G) Other types of crystal filters (iv) Design example. 

(i) Behaviour of equivalent circuit 

Fig. 26.9 shows the generally accepted equivalent electrical circuit for a quartz 
crystal of the type used in the i-f stage of a communications receiver. 



I 
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In this network suppose we consider that R is zero, then between terminals 1 and 2 
there is a reactance 

oL — 1/toC 

(28) 



X = 



> C °[» L - h& + k)l 



When <oL = 1/wC the reactance is zero and the circuit is series resonant. 



When coL 



CD \C CaJ 



the reactance is infinitely large, and the circuit is 



parallel resonant (anti-resonant). 
The difference in frequency between f v and f r is given approximately by 
C 



Af = 



2C 



fr. 



From the values of the 455 Kc/s crystal constants which are given in (iii)E below, 
it will be seen that 4/ is about 250 c/s in a typical case. 

The presence of R will slightly modify the conditions for which parallel resonance 
occurs. For our purposes the conditions given are near enough. 

It should be clear from the circuit that the parallel resonance frequency (/„) will be 
higher than the series resonance frequency (/ r ). For frequencies above f r the resultant 
reactance due to L and C in series is inductive, and this is connected in parallel with a 
capacitive reactance due to C , A typical curve of output voltage versus frequency 
change, for this type of circuit, is shown in Fig. 26.10. 

If the value of C„ could be altered as required, then the position of f P would be 
variable. Suppose by some means we are able to connect a negative capacitance 
C N (or a parallel inductance will give somewhat similar results) across C ; then the 
value of the capacitance shunted across the series circuit will be 

C = C - C v . (29) 



3& 




riG.26-9 ELECTRIC CIRCUIT REPRESENTATION 
OF QUARTZ CRYSTAL 



ft ft 
FREQUENCY—*- 
FIG.26-10 RESPONSE CURVE FOR 
CIRCUIT OF Fit 26-9 



From this, it follows that C can be reduced from its initial value of C (when C N is 
zero) until it becomes zero, and C N has then exactly neutralized C . The response 
curve would now be that for the series circuit (made up from L, R and C) alone, which 
behaves as a pure series resistance at/ r . If the magnitude of C N is further increased, 
then C becomes negative and the series circuit is shunted by a negative capacitance ; 
which is equivalent to shunting an inductance across the series circuit (which behaves 
like a capacitive reactance for frequencies below / r ). This means that the parallel 
resonance frequency (J p ) will now be lower than the series resonance frequency (/ r ). 
Any frequency above or below the series resonance frequency can now be chosen as 
the rejection, or parallel resonance, frequency and the current through the circuit, 
at this point, will be reduced ; the values for /„ and the current depending on the 
circuit constants. 

To achieve the variation in C the circuit of Fig 26.9 (i.e. the crystal) is incorporated 
in the bridge circuit of Fig. 26.11, in which C N is made variable to achieve the results 
discussed. In this circuit Z L is the load impedance ; Z z is the impedance of the 
voltage source j Z x and Z 2 ' are any two impedances used to make up the resultant 
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bridge circuit. It will be realized that the presence 
of Z s and Z L would have some modifying effect on 
our previous discussion, but the general principles 
remain unchanged ; these impedances will be taken 
into account when the design of the crystal filter 
stage is carried out. 

The arrangement of any practical circuit using a 
single crystal can be reduced to the general form of 
Fig. 26.11. 

Two typical circuit arrangements are shown 
in Fig. 26.12. Fig. 26.12(A) shows that Z x and 
Z 2 are obtained by using two capacitances C x and C 2 for the bridge arms. Fig. 12(B) 
uses a tap on the i-f transformer secondary {L x and L 2 ) to obtain the bridge arms 
Z x and Z 2 . 

In any circuit arrangement such as those shown, the best overall selectivity is ob- 
tained when C is zero (i.e. C N = C ). Under this condition, if the circuit is de- 
signed with some care, the response curve of output voltage with frequency change 
will be reasonably symmetrical. If C N is varied to place /j, above or below/ r , although 
we may improve the selectivity (and so the rejection) against an unwanted signal at 
/„, the resonance curve is no longer symmetrical and the selectivity is decreased on the 
opposite side of the curve. 



FIG.26II CIRCUIT ARRANGEMENT F.OR 
VARYING C'(-C -C N ) 





l-F TRANS. * C N l-F TRANS. 

(A) (b) 

FIG. 2612 PRACTICAL CIRCUIT ARRANGEMENTS FOR QUARTZ CRYSTAL 
FILTERS 

(ii) Variable bandwidth crystal filters 

It is often necessary, in practical receivers, to have means available for varying the 
bandwidth of the crystal filter circuit. This can be achieved in a number of ways, 
such as detuning the input and (or) output circuits or varying their resonant im- 
pedances. Also, as well as having variable bandwidth it is desirable that there should 
not be appreciable change in stage gain as the bandwidth is altered. Further, the 
overall response curve of voltage output versus frequency should remain as sym- 
metrical as possible with changes in bandwidth when the bridge circuit is arranged so 
that C is neutralized by C N . 

To fulfil all of the conditions above, a simple solution is to use a tuned circuit as 
the load for the filter circuit, and to alter its dynamic impedance by switching-in 
either series or parallel resistors. Simple detuning of the input circuit, or the output 
circuit, is not very satisfactory and the best results can only be achieved by detuning 
both the input and output circuits in opposite directions by an amount depending 
on their relative Q's. (For a description of circuits using the latter method see Refs. 
48 and 63). To obtain constancy of gain it is necessary that the voltage source im- 
pedance be low, and this again suggests the switched output circuit when the band- 
width is to be varied. The choice of series or shunt resistors to alter bandwidths is 
largely bound up in stray capacitances across switch contacts and the resistors them- 
selves ; careful consideration here suggests that resistors in series with the inductor, 
or the capacitor, of the tuned load will probably give the least detuning effects. Un- 
less the values of the tuning capacitances for the input and load circuits are fairly 
large, alteration of C N will have some appreciable effect on the resonant frequencies 
of these circuits, giving rise to asymmetry of the response curve and loss in sensitivity. 
This effect can sometimes be overcome, partly, by the use of a differential type of 
neutralizing capacitor. However, circuits using this arrangement should be care- 
fully examined as usually there are still some detuning effects. For most practical 
cases it is sufficient to choose suitable values of tuning capacitance, particularly when 
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operation is confined to an i-f of 455 Kc/s, and to tap down on the circuit when this 
is possible. 

Two other points are worth mentioning. The first is that the crystal stage gives 
high selectivity around resonance, but the " skirt " selectivity may be quite poor j 
for this reason the other stages in the receiver must provide the additional " skirt " 
selectivity required. In addition, good " skirt " selectivity is a requirement of the 
i-f amplifier to minimizcany possible undesirable effects which may arise because of 
crystal subsidiary resonances. The other point is that having C N as a variable control 
is not necessarily a great advantage, and simpler operation is obtained when C N can 
be pre-set to neutralize C . This cannot be done with all types of variable bandwidth 
circuits, since the conditions for neutralization may be altered as the bandwidth is 
changed. 

(iii) Design of variable bandwidth i-f crystal filter circuits 
(A) Simplifying assumptions 

From Fig. 26.11, when a capacitance balance is obtained as far as C is concerned, 
C N «' C (Z X /Z 2 ). (30) 

Since C is generally about 17 /i/xF it is convenient to make Z x = Z 2 . Also, C N 
must have very low losses if the attenuation at the rejection frequencies is to be high. 
The general design will call for all capacitors to be of the low loss type. When the 
condition of eqn. (30) is fulfilled, the equivalent circuit reduces to that of Fig. 26.13(A). 
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FIG. 26-1?- ' EQUIVALENT CIRCUITS FOR CRYSTAL FILTER WHEN C -C N 

For purposes of analysis it is convenient to rearrange Fig. 26.13(A) as shown in Fig. 
26.13(B), and, if we take Z x = Z 2 , the value of Z'„ will be a quarter of the total dynamic 
impedance of the secondary circuit of the i-f input transformer. E' s will be half 
the voltage developed across the two series capacitors tuning the i-f transformer 
secondary. 
(B) Gain 

First we will derive an expression for the overall gain of the i-f stage. 

From Fig. 26.13(B), 
E Z L 



E\ Z L + Z\ + Z x (31) 

where E = output voltage across load circuit applied to grid of following i-f am- 
plifier valve 

Z L = load impedance 

Z' s = voltage source impedance 

Z x = crystal impedance (C neutralized) 

,. . „ FIG. 26-14 CIRCUIT FOR DETERMININd.Es 

= i? at resonance (i.e. i-f) 
and E' s = available voltage developed at tap on input i-f transformer secondary. 
To compute the complete stage gain we must now consider Fig. 26.14. Here, 
since we require maximum gain, a critically-coupled transformer is connected to a 
voltage amplifier valve (V x ) whose grid to cathode input voltage is E g . Then since 
E' B is half the total voltage appearing across C x and C 2 

£ , = JgrnEjQwoL^ (32) 
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where g m = mutual conductance of V x 

Q =V&Qz = l/k e 

io = 2tt x i-f 

and L =\/L 1 L ;i (always provided that L^Cx = L 2 C 2 ). 

Combining eqns. (31) and (32), the gain from the grid of V! to the grid of the next 
amplifier valve (V 2 ) is 

Stage gam = — x —. = -^ =^ + ^ + z J^-j- ) 03) 

Eqn. (33) gives a great deal of information about the circuit. For constancy of gain, 
it follows that Z L should be very much greater than (Z'„ + Z x ). Since Z x (or R 
at resonance) cannot be altered by the receiver designer, it is necessary to make Z' a 
as small as possible. However, as Z' s is made smaller the overall gain will be affected 
since it is a centre tap on the output of the input i-f transformer. The maximum value 
for Z L will be limited by the maximum bandwidth requirements, and the permissible 
values of circuit constants. The other factors affecting gain are g m) Q and L. For 
a given valve under a fixed set of operating conditions, g m is practically outside the 
designer's control ; the value of L£='\/L 1 L^) is made as large as possible consistent 
with the requirements of minimum permissible tuning capacitance ; Q =V / <2iQ2 
is adjusted so that Q x is made as high as possible, and since we desire Z' , to be low a 
suitable value is selected for <2 2 - The method of determining Q has a large effect 
on the stage gain which can be obtained, as will be seen later in the illustrative example. 

(C) Gain variation with bandwidth change 

For constancy of maximum gain at/ (i.e„ the i-f) it has been suggested that Z' , 
should be small. There is a limit, however, to the minimum gain variation that can 
be obtained for a given change from maximum to minimum bandwidth. From the 
preceding equations it may be deduced that the maximum stage gain (A max ) is ob- 
tained when the bandwidth is greatest, and the minimum gain (A mi „) when the band- 
width is least. This limit in gain variation (since R for the crystal is fixed) is the con- 
dition for which the voltage source impedance (Z',) becomes zero, which occurs when 

A mtn = R T,( R T 1 - R) 
A max RtSRt* — ^ 

where R r = total series resistance (at /„) when the bandwidth is least 

(= R + Z', + Z L ; in which Z L has its smallest value) 
and R T = total series resistance (at /„) when the bandwidth is greatest 

( = jR + Z' , + Zj ; in which Z L now takes up its largest value). 
To determine the voltage source impedance (Z',) for the usual condition where 
Z' ', is not zero, we use 

R Tl (.R Tl - R) - *R Ti (Rt 2 - R) 

Z\ = -! l — * 2 (35) 

which, for convenience, is rewritten in terms of eqn. (34) as 
a„ — a 



Z'. = 



«o a (35A) 



Rt — R Rt — R 
where R T ^ and R T have the values given immediately above, 
R = equivalent series resistance of crystal 

and a = m " = gain variation desired, and must always be less than one. 
If a value is selected for Z', then 
Rt^R^ - R) - Z'Jlj.^ 

* = R T CR Tm - R) - R T Z\ ' (36) 
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(D) Selectivity 

Selectivity around resonance can be calculated by the methods to be outlined, but 
for most purposes it is sufficient to determine the bandwidth for a given attenuation 
at the half power points (3 db attenuation or l/-\/2~of the maximum voltage output) 
on each of the required selectivity curves. 

Considerable simplification in the design procedure is possible, if the bandwidths 
fcr 1 db attenuation (or less) are known. In this case it would be sufficientiy accurate 
to take Z L and Z s equal to their dynamic resistances at resonance, at least for most 
practical conditions, without introducing appreciable error. The advantage obtained 
being that, in what follows, R T = R' T and R T = R' T for all conditions. The 

value of Q x would be given by Q x = f /4Af fox 1 db attenuation, and this expression 
would be used in place of eqn. (38). However, the procedure given is more general 
and there should be littie difficulty in applying the simplified procedure, if necessary. 
Further the method given illustrates (in reverse) how the bandwidths near resonance 
can be calculated for various amounts of attenuation. 

To determine the bandwidth at the half power points proceed as follows : first 
it may be taken that the equivalent inductive reactance of the crystal is very much 
greater than the inductive reactance of the load and source impedances. Also, pro- 
vided the variations in gain are not allowed to become excessve, at and near resonance 
the value of Z' s is very closely jR' s . For very narrow bandwidths, near resonance, 
it is also sufficientiy close to take Z L = R L ; for large bandwidths the resistive com- 
ponent (Rj) of Z L at the actual working frequency will have to be found. From these 
conditions, we have 

„ <a L (DqL 1 

O* = ~ — ^ — r-vr =■ -^f- = ^T- (37) 

~ K. L t «', t « J*- i o) Kjl%. t 

where Q x — the equivalent Q of the circuit of Fig. 26.13(B) 
L = equivalent inductance of the crystal 
C = equivalent series capacitance of the crystal 
R = equivalent series resistance of the crystal 
R L = resistive component of Z L , the load impedance, at the frequency being 

considered (= Z L at resonance) 
R' s — resistive component of Z'„ the voltage source impedance 
R' T = R L + R' a + R = total series resistance at frequencies away from/ 
(for very narrow bandwidths R L f& Z l and R' T m R T ) 

and co = 2tt x /„ (where f is the i-f). 

From the principles of series resonant circuits we know that the total bandwidth 
(2 Af) for the half power points (3 db atten.) is given by 

2Af = f /Q x . (38) 

It follows from eqns. (38) and (37) that for large bandwidths Q x should be small 
and so R' T should be large. For narrow bandwidths the reverse is true, and the 
limiting case for the narrowest bandwidth would be when R' T = R (i.e for the crystal 
alone) ; a condition impossible to achieve in practice because of circuit requirements. 

Since Z L 2> (Z' s + R) for constancy of maximum gain at/ , under conditions of 
varying bandwidth, it also follows that Q x will mainly be determined by the magnitude 
of the resistive component of the dynamic impedance of Z L . 

Some additional selectivity is given by the input i-f transformer, and for more 
exact results the attenuation for a particular bandwidth would be added to that found 
for the crystal circuit. This additional selectivity is usually negligible around the 
" nose " of the resonance curve, but can be determined from the universal resonance 
curves of Chap 9 Sect. 10, evaluating D and b for unequal primary and secondary 
Q's (Qi and Q 2 ) and noting that Q in these expressions is Q 2 

The resonance curve for the complete circuit is seldom necessary for a preliminary 
design. The procedure is rather lengthy but not very difficult. First it is necessary 
to find the resistive component of Z L (i.e. Rj) at frequencies off resonance. This is 
carried out from a knowledge of |Z i |(= Z L ) at resonance, and by determining the 
reduction factors from the universal selectivity curves. Multiplying \Z L \ by the 



1056 



(iii) DESIGN OF VARIABLE BANDWIDTH 



26.6 



indicated attenuation factors gives the required magnitudes of load impedance \Z' L \. 
To find the resistive component, values of 6 corresponding to the various bandwidths 
(and values of \Z' L \ ) are read from the universal phase-shift curves of Chapt. 9 Sect. 10. 
Then 

R L = \Z' L \ cos 0. (39) 

The resistive component of Z' s can be found in a similar way from 

R' g = Z' $ cos <f> 
but since the impedance of Z' , is generally small, and the circuit relatively unselective, 
R' s can often be taken as equal to Z' s for a limited range of frequencies near resonance. 
When Z' s is very low, it can be neglected in comparison with R L + R. 

Then, since the resistance (R) and the inductance (L) of the crystal are known, 
eqn. (37) can be applied to determine the values of Q x corresponding to the various 
bandwidths. (Strictly / would be replaced by the actual operating frequency off 
resonance, but this is hardly necessary). 

Knowing the different values of Q x , and since the bandwidths corresponding to 
each Q x value are known, the various points for the complete selectivity curve can be 
found from the universal resonance curve for a single tuned circuit (it is unimportant 
that this is for a parallel tuned circuit rather than a series tuned circuit, since the 
conditions for parallel and series resonance are practically the same provided the Q 
is not less than about 10 ; there is, however, a reversal in sign of the phase angles 
for the two cases). Additional selectivity due to the input transformer can be taken 
into account if this degree of accuracy is thought to be necessary. 
(E) Crystal constants 

Before a complete design can be carried out, some data on the equivalent electrical 
constants of the quartz crystal must be available. In most cases details can be ob- 
tained from the crystal manufacturer. 

Typical values for the electrical constants of 455 Kc/s quartz crystals widely used 
in Australian communications receivers are : 

R = 1500.G; C = 0.018 ^F ; C = 17 /x^F. 

The crystals are a special type of X cut bar and have no subsidiary resonances for a 
range of at least ± 30 Kc/s from/,. They are approximately 20 mils (0.02 in.) thick, 
| in. wide, f in. long and are mounted between flat electrodes with an air gap not 
greater than 1 mil. (0.001 in.). 

L c 
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FIG. 2615 APPROXIMATE METHODS FOR DETERMINING EQUIVALENT 
ELECTRICAL CONSTANTS OF QUARTZ CRYSTALS 



If the required data cannot be obtained, then details of methods for measuring, 
firstiy, the value of Q for the crystal, can be found in Ref. 65. The experimental 
set-up is shown in Fig. 26.15(A) and Q is found from 

/r 



Q = 



IE 



(40) 



2C/„ - fr> 

where f T = series resonance frequency 

/„ = parallel resonance (or antiresonance) frequency 
E T = voltage across terminating resistance at series resonance 
and E v = voltage across terminating resistance at parallel resonance. 

A knowledge of Q will allow the filter circuit to be designed, but if values for C 
and C are required these can be readily measured (Ref. 64) by using the arrangement 
of Fig. 26.15(B) and the relations 
r. ff~ — /- \ 2 

" -t'V-M <41) 



c. + c. 
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and 



f: 



where 



C 
C A 
L A 

Co 



2"VL A C A 
= series capacitance of crystal 
= parallel capacitance of circuit L A C A 
= parallel inductance of circuit L A C A 



(42) 



= shunt capacitance across crystal due to holder etc. 
= parallel resonance frequencies of combined circuits. The com- 
bination has two parallel resonance frequencies, one above and 
one below f r . 
f r = series resonance frequency, measured with combined circuit, 
and f PA = parallel resonance frequency of circuit L A C A alone. 

C is determined by disconnecting the crystal and adding capacitance to L A C A 
to retune the circuit to the frequency f T . 

(F) Position of filter in receiver 

In most receivers using crystal filters at least two i-f stages are included, since the 
gain of the crystal stage is usually well below that for a normal i-f stage. Low stage 
gain immediately after the converter valve may have an adverse effect on signal-to- 
noise ratio, and it is sometimes preferable to place the filter between the first and second 
i-f voltage amplifier valves ; however, it is fairly common practice to place the selective 
crystal stage immediately after the converter to reduce the effects of spurious responses. 

It would not be satisfactory to place the filter between the last i-f valve and the 
detector because of the low impedance of the load in this case. 

Since it is common practice to incorporate at least one r-f stage in receivers of the 
type mentioned, it is unlikely that effects such as possible deterioration in signal-to- 
noise ratio would be of any consequence. However, good design suggests at least 
two i-f stages plus one or more r-f stages, depending on performance requirements. 

(G) Other types of crystal filters 

There are several types of crystal filters suitable for use in radio receivers other 
than the simple bridge circuit, to which attention has been confined. Typical ex- 
amples are double-crystal and bridged T filters. These circuits are characterized 
by having two rejection frequencies, usually placed with geometric symmetry about 
f r . Details can be found in Refs. 49, 54, 55 and 61. 

Resistance balancing is sometimes applied to the complex types of crystal filters 
to increase attenuation at the rejection frequencies. This method has also been 
applied to wave filters using LC circuits only. Details are given in Refs. 59, 60 and 61. 

(iv) Design example 

Using the constants for the 455 Kc/s crystal given in (E) above, it is required to 
design a crystal filter circuit to have a total bandwidth (2 df) for 3 db attenuation, 




V|,V 2 TYPE 6SK7 

R v =0-408il (FOR bandwidths stated) 

L^O-SaBmH Q(_=I40 

L|=M-9-mH 'Q| = I40 

L 2 "0-32 mH Q 2 - | 4 o 

k c =0-234 R J= 2460A 

Cp=2SpjUF (INCLUDING STRAYS) 

r IG.26!6 CRYSTAL FILTER CIRCUIT DESIGNED FROM ILLUSTRATIVE EXAMPLE 

which can be varied from 200 c/s to 3 Kc/s. The variation in maximum stage gain 
should not exceed about 2 db (± 1 db about the average gain) but it is desirable to 
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keep the stage gain as high as possible, consistent with stable operation with varying 
signal input voltages (i.e. large detuning of the i-f circuits should not occur when the 
signal voltages vary over a wide range). 

To make the problem complete, it will be assumed that the filter is connected be- 
tween two type 6SK7 pentode voltage amplifier valves. The complete circuit is 
shown in Fig. 26.16. 

(1') Since Z x — Z 2 and C an 17 nfiF, let us select a suitable capacitance range 
for C N . The smallest residual capacitance for C N will be about 3 ppF. From this, 
we have to increase C N a further 14 fifiF to neutralize C . In addition, it is desired 
to move the rejection frequency (/„) below /„ so that it is reasonable to allow C N to 
increase at least a further 14 /*/uF. The total increment in C N is thus 28 /a/xF ; which 
gives a range of 3 to 31 ppF ; for convenience this is made, say, 3 to 35 puF (or what- 
ever is the nearest standard capacitance range). 

(2') From eqn. (38) : 

for 200 c/s total bandwidth, and 3 db attenuation, 
Q Xi = 455/0.2 = 2275; 

for 3 Kc/s, 

Qs 2 = 455/3 = 151.6. 

(30 From eqn. (37) (and C = 0.018 ^F) 

_ 1Q12 _ 

R r i = 2275 x 2tt x 455 x 10 2 x 018 = 855 ° Q 

8550 x 2275 

and R' T == t=t-z = 0.128 MQ. 

T z 151.6 

So that (since R = 1500 Q) 

R L + Z', = 8550 - 1500 = 7050 Q 

R* + z\ = 0.128 - 15 x 10- 3 = 0.126 M.Q. 
a 
For narrow bands of "frequencies', R L «=« Z L , and we may write 

R' Ti = r and Z Li + Z\ *a 7050 Q. 
(40 To find Z L . It should be clear, from the values just given {Z ', remains 
unchanged) that for fairly large bandwidths 
R Lt >Z\. 
Assume that, for the load circuit, Q L = 140. Then by calculation, or from the 
universal resonance curves, we have for a single tuned circuit and a frequency of 
455 Kc/s, 

Z L ac resonance 

\Z' L \ at 3 Kc/s bandwidth = L37 ' 

Also, the phase shift 6 = 42° 43'. 
Using these factors in conjunction with eqn. (39), 
_ R L 0.126 

' V ~ cos 6 ~ 0.735 

^ so z _ HLy^ _ 0.235 MO. 
L 2 0.735 

(If the maximum bandwidth required is too large it will be found that Z L cannot 

be obtained with ordinary circuit components). 
From this, since Z L = Q L co L L , 

0.235 x 10 3 nen ^ TT 

Lj = — ^ 7^^ = 0-586 mH 

L 140 x 2jt x 0.455 

25 330 

and C L = 455 2 x 5S6 = 208 ^^ F ( see below). 

(50 If it is possible to make Z L higher than 0.235 megohm then a voltage step-up 
is possible using the arrangement of Fig. 26.17, which also reduces detuning effects 
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•when C N is varied. Good circuit stability (which requires a large value for C L ) is 
most important since the circuit bandwidth and gain are very critical to detuning. 
The main causes of detuning are capacitance changes at the input of V s due to grid 
bias variations, and resetting of C N ; this latter capacitance change is offset, to some 
extent, in the alternative circuit since it appears across only part of the tuned circuit 
capacitance. Any form of tapping down is helpful in reducing detuning variations 
due to C N> but this is limited by the impedance required for the filter load circuit. 



Fig. 26.17. Alternative load circuit 
Zl— *- C| -27p f*~| Rv f 01 " crystal filter stage. 



FIG. 26.17 



Methods of reducing detuning effects are discussed in Sect. 7(ii), and could be 
applied here to offset changes in valve input-capacitance. Connecting the grid to a 
tap on the tuned load is an obvious means of reducing the effects of valve input- 
capacitance variation. This method involves a loss in gain, but this is not necessarily 
serious as in some receivers the total gain is more than can usefully be employed. 
The actual fixed capacitance for C L is found approximately as follows ; 
Valve input capacitance = 6.5 iiyiB 

Strays across coil + wiring etc. = 8.5 pilF 

C N + C = 2C„ =2 x 17 = 34 pfiF (when C is neutralized by 

Total strays = 49 nn¥ 
Fixed capacitance req. = 208 — 49 = 159 pfiF (say 160 /a^F). 
(6') From eqn. (34) ; and since R T = 8550 £2 and 
R T = 0.237 Mfl (approximately ; i.e. Z L + R), 

_ 0.237 (7050) _ 
a ° _ 8550 (0.235) ~ °' 83 
(which shows that the gain variation is practicable). 

Then, since a = 2 db down = 0.794, we have from eqn. (35A) 

0.83 - 0.794 0.036 X 7050 M£ n 

Z'. = flu = 306 Q, 

0.83 0.794 0.83 

7050 0.235 x 10 6 
so that Z s = 4Z' S = 1224 Q. 

(7') To determine the approximate range of the selectivity control R v . For maxi- 
mum bandwidth R v = 0. For rninimum bandwidth, since Z L (= R L ) = 7050 — 

306 = 6744 Q, 
then Q, = 



h 6744^ = [This is an approximation only; see end of 

L L ~ 1680 _ step (8')] 

w„L, 1680 
and R' v = ~- = — r = 420 Q. 
Ql 4 

Resistance already in circuit when Q is 140, is 

R L = 1680/140 = 12 Q. 
Range of jR „ required is from — 408 Q. 

This is the range if R v is connected in series with L L . If R „ is to be connected in 
series with the capacitive arm of Z L it should be realized that it would actually be in 
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series with the fixed capacitance of 160 n^F only, and not the total capacitance, so 
that new values for the range of R „ would have to be calculated in this case. 

(8') The design of the input transformer is the next step. For maximum gain the 
transformer will be critically-coupled (this term is hardly a correct one in the design 
which follows and for this particular case it might be preferable to use other methods). 

Consider first the secondary circuit. The total secondary capacitance, if we select 
100 fi/jF capacitors (connected in series) for the ratio arms of the bridge circuit, will be 
100/2 + 14.5 = 64.5 ppF. The 14.5 npF represents the approximate total for 

c c c 

-~ + . ° = ~w (since C v = C ) = 8.5 ju./zF plus an allowance of 6 /n/xF 
4 4 2 

for coil and circuit strays. 

Then the apparent secondary inductance required is 

25.33 

0.455 2 x 64.5 

From step (6') above, Z a = 1224 Q. Since critical-coupling (see remarks above) 

will halve the actual value of Q 2 , we must use an uncoupled value for Z t of 2448 Q. 

This allows us to determine the uncoupled secondary magnification factor 

2448 2448 

Q ' = "^ = 5440" ~ °' 45 - 
Because of the low value for Q 2 , the condition of w 2 L 2 C 2 = 1 is no longer suffici- 
ently accurate. For cases such as this, where Q is less than about 10, proceed exactly 
as before but modify the value of L 2 by a factor Q 2 /(l + Q 2 ). This gives the true 
condition for resonance (unity power factor) if Q is assumed constant and L 2 is variable 
as it will be in most i-f transformers of the type being considered. The actual value 
required for L 2 is now 

r 0.45 2 "1 
U (actual) = L9 L i + 0.45 2] = °- 32 mH - 

(9') Since the secondary Q is very low, and L 2 is fixed by other considerations, it 
should be clear that if we require reasonably high stage gain the primary Q ( = Q{) 
and the primary inductance L t should be as high as possible ; since this will allow 
QL =v 'Q.\Q.iL x L 2 to be increased. 

As the minimum capacitance across L x will be about 25 nfiF (valve output + strays, 
which will be fairly high for a large winding), then it is possible to make 
25.33 
Ll = 0.455* x 25 = 4 ' 9 mH " 

Of course, it may not be advisable to resonate the primary with stray capacitances 
only, but there are practically no detuning effects present (except those due to tem- 
perature and humidity variations). The possibility of instability must not be over- 
looked, however, when the grid to plate gain is high, and for the case given it would 
probably be necessary to neutralize the i-f stage or to reduce the gain by increasing 
the capacitance value above 25 fifiF (and so reducing L x ). However, L x will be made 
large here to illustrate the design procedure to be adopted in cases such as this, where 
L x is not equal to L 2 and also to bring out an additional useful point which could be 
overlooked in connection with the design of a.v.c. systems ; see Chapter 27 Sect. 3(xv). 

(10') Assume that unloaded Q values of 140 for the primary and secondary can be 
obtained. The plate resistance (r„) for type 6SK7 is 0.8 Mi? for a set of typical 
operating- conditions. Then the actual value of Q x is 
n Q u r„ 140 x 0.8 

^ QucooL, + r, 1.96 + 0.8 ~ W -°' 

(11') In order that the actual value of Z s shall be 1224 Q (and so Z', = 306 Q) the 
secondary circuit must be loaded with a resistance R, given by 
QuQ^Lt 140 x 2448 ^ £A 

Rt = &t^q; = 140 - 0.45 = 2460 Q 

where L 2 has the apparent value of 1.9 mH, and not its actual value, so as to make 
allowance for the use of approximate expressions which are normally only applicable 
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when Q exceeds about 10. 



(12') Q = VQ1Q2. =V40.6 X 0.45 = 4.28. 

The coefficient of coupling = k c = 1/4.28 = 0.234. 
L =VLJ^ =V4.9 x 0.32 = 3.06 mH. 
The actual value of L 2 is required here. 

(13') It is now proposed to estimate the gain. To find the true gain for the con- 
ditions selected it would be necessary to solve the complete equivalent circuit. It 
should also be noted that the condition for secondary circuit series resonance does not 
coincide with the condition for parallel resonance. Correct circuit matching (i.e. 
that the value of Z\ is the required one) can be readily checked from the equivalent 
secondary circuit. This has been done to ensure that the previous modifications 
to the transformer constants are quite satisfactory. Here the original gain equation 
(33) will be used, and then a suitable correction factor (namely X c /X L ) will be 

applied for this special case where X c ^ X L . The results show an appreciable 

error, about + 20% in the worst practical cases, but the additional labour involved 
in a more exact analysis is hardly justified. 

For the valve type selected g m = 2000 ju.mhos (2 mA/volt). Gain from grid of 
Vi to grid of V 2 , using eqn. (33), is 



T 0.235 "I 

Gain (max. bandwidth) = |_0.235 + 306 X 10- + 1500 x 10-J X 



.235 + 306 X 10- 6 + 1500 
"2 X 4.28 x 2v x 0.455 x 



= 0.992 x 7.7 = 7.6 times (17.6 db). 
Gain (min. bandwidth) = 6744/8550 x 7.7 = 6.07 times (15.6 db). 

The factor X C2 /X L2 = 5470/917 = 5.95 and so the maximum gain is about 45 
times (33 db) and the minimum gain about 36 times (31 db). The calculated value 
from the equivalent circuit is 38 times. 

Thus the maximum total gain variation (including all approximations) is about 
2 db as specified i.e. ± 1 db about the average gain. Larger variations in gain, if 
permissible, would also allow increased overall gain ; the disadvantages have been 
discussed previously. 

(14') For some purposes a standard i-f transformer using fixed capacitances of 
about 100 [ifiF, and the coupling increased to critical when the secondary and primary 
are correctiy loaded, would give satisfactory results. The gain variation, and maxi- 
mum gain, are largely controlled by the value of the damping resistor R a connected 
across the secondary of the transformer. 

To control bandwidth it is necessary to increase Z L to increase the maximum band- 
width, i? „ is increased to decrease the minimum bandwidth. If switched steps are 
required for bandwidth control, R „ can be calculated for each step ; the remainder 
of the design is exactiy as before. 

The arrangement used for the input transformer is only one of many possible cir- 
cuits. For cases such as the one given here (where the total gain is not a prime re- 
quirement) it may be preferable to leave the secondary circuit untuned and to use a 
tapped resistor to provide the ratio arms for the bridge circuit. The design pro- 
cedure is readily developed from the usual coupled circuit theory. 



SECTION 7 : DETUNING DUE TO A.V.C. 

(i) Causes of detuning (»') Reduction of detuning effects (A) General (B) Circuits. 

(i) Causes of detuning 

Detuning of i-f (and r-f ) circuits is largely due to changes in valve input capacit- 
ance. The capacitance change is brought about when the grid bias on the valve is 



1062 DETUNING DUE TO A.V.C. 26.7 

altered, the bias change being due to the a.v.c. voltage altering with different signal 
inputs. This alteration in bias also leads to variation in the valve input conductance 
which will have to be considered in some circuits, since the conductance increases 
by about 2:1, from cut-off to normal operating conditions, with typical valve types 
operating at 100 Mc/s (see Ref. 68 ; also Chapter 2 Sea. 8 and Chapter 23, Sect. 5). 

If all the factors which cause valve input capacitance and conductance changes 
are considered the problem is rather involved as can be seen from the discussions 
given in Chapter 2, Sea. 8 and Chapter 23, Sea. 5. We will confine attention here, 
mainly, to input capacitance changes which are most troublesome in receiver design. 

One of the principal causes of change in valve input capacitance is the variation in 
position and density of the space charge distribution between grid and cathode, 
brought about by the change in grid bias. 

Variation in grid-plate transconduaance (g m ) is another principal cause of input 
capacitance change as will be seen later. 

Short-circuit input capacitance changes are not very much affeaed by frequency, 
although the change in capacitance with transconduaance is slightly greater at low 
frequencies than at high. The slight variation with frequency will not usually be 
important when compared with the changes due to alteration of transconduaance, 
so that the data given in Chapter 2, Sea. 8 can be used directly. From this data, 
it is seen that the short-circuit input capacitance alters by about 1 to 2 pfiF in typical 
cases. It is interesting to compare these changes with that due to grid-to-plate 
coupling i.e. Miller effea (see Chapter 2, Sea. 8). 

Suppose, for simplicity, that the plate load acts as a pure resistance. Then the input 
capacitance change is given by 

AC = C, - C ep = C gv {^^) (43 

Taking a type 6SK7, with a plate load of 0.25 megohm, as a typical example. Then 

since C„„ = 0.003 ityiF, r v = 0.8 MQ (this value is not constant, but it has been 

assumed so for simplicity) and #m changes from 0-2000 /xmhos,the input capacitance 

change is 

2 x 0.8 x 0.25 x 10 3 , a 
AC = 0.003 — = 1.14 /*/xF. 

If C B p is augmented by stray capacitances, such as those inevitably present due to the 
socket, wiring etc., this figure for AC will be very appreciably increased- The 
corresponding change in short-circuit input capacitance is 1.18 [ifiF (see table Chapter 
2 Sea. 8). 

The effeas are additive and cause an inaease in input capacitance as the grid bias 
voltage becomes more positive. 

(ii) Reduction of detuning effects 
(A) General 

There are a number of methods available for reducing the effeas of valve input 
capacitance variations, and these methods (in most cases) also reduce input condua- 
ance variations. Usually the reduaion of these effeas will lead to a loss in stage gain 
unless additional circuit changes are made. 

In the case of the ordinary broadcast receiver special circuits are not often used. 
The only precautions taken are : 

(1) The total capacitance tuning the i-f transformer secondary, in particular, is 
made as large as is praaicable consistent with other circuit requirements. Values 
of 200 mjF, or so, should be used if possible, although values of the order of 100 /x/xF, 
are generally used, since it is unlikely that the change in input signal will be such as 
to cause the maximum input capacitance change. Large values of tuning capacitance 
for the transformer are also helpful in increasing the attenuation at frequencies far 
removed from resonance. Also, with some types of converter valves (e.g. 6A8-G) 
a large tuning capacitance for the primary of the first i-f transformer can be of assist- 
ance in reducing degeneration in the signal input circuit conneaed to the converter ; 
this applies particularly to signal frequencies which approach the intermediate fre- 
quency. 
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(2) The receiver is aligned on small input signal voltages, since detuning effects 
will be less serious when the input signal is large. 

(3) The circuit layout is such as to minimize stray grid-to-plate capacitance. 
The degree of circuit mistiming in terms of frequency shift can be determined by 

comparing the input capacitance change with the total capacitance across the valve 
input circuit. A number of helpful practical examples of circuit mistuning are given 
in Ref. 69. 
There are several additional factors which are of importance. 

(1) Detuning will cause sideband asymmetry and so lead to the possibility of in- 
creased distortion. This is of particular importance in high fidelity receivers. 

When the carrier is received on the side of the i-f selectivity curve, one set of side- 
bands is almost completely eliminated (or at least substantially reduced in amplitude), 
and the amplitudes of the carrier and low frequency components of the other set of 
sideband frequencies are reduced. The tuned circuits will introduce phase and fre- 
quency distortion and the diode detector will give rise to non-linear distortion because 
of the absence of one set of sidebands. Experiment has shown that with the usual 
type of receiver the amount of detuning that can be tolerated before distortion becomes 
noticeable to a critical listener is about ± 1 Kc/s. 

(2) Detuning of the r-f and converter input circuits can lead to a reduction in 
signal-to-noise ratio. This effect is not often very serious, when compared with the 
deterioration in signal-to-noise ratio caused by the reduction in gain of the r-f stages 
as the a.v.c. bias is increased ; further discussion of this point will be given in con- 
nection with the design of a.v.c. systems in Chapter 27. 

(3) Detuning can result in considerable loss in adjacent channel selectivity. This 
is not particularly serious if the receiver has been aligned on small signal input, since 
the deterioration occurs when the desired signal is large. 

(4) The i-f stages lend themselves more readily to compensation methods than the 
r-f circuits ; in the case of the r-f circuits exact compensation can usually be obtained 
at one frequency only. Since the r-f stages are often relatively unselective, detuning 
is not often a very serious factor and it is usual to compensate only in the i-f circuits. 

(5) Even although exact compensation for input capacitance changes can be ob- 
tained at the resonant frequency, the compensation is not complete at frequencies 
removed from the i-f centre frequency, and there will always be some departure from 
symmetry on the " skirts " of the overall response curve. However, since compensa- 
tion is required mainly at the centre frequency, this is not serious. 

(6) The neutralization methods to be described in Section 8, in connection with 
stability, will affect input capacitance variations which are due to grid-to-plate coup- 
ling. If the amplifier is neutralized, then the input capacitance changes with grid bias 
will be due, mainly, to space charge effects. 

(B) Circuits 

Attention will be confined to the circuits of Fig. 26.18 (some discussion of which 
has already been given in Chapter 23, Sect. 5), since these allow satisfactory results 
to be obtained with a small number of components. Other types of compensating 
circuits can be found in Refs. 67, 71, 72. 

In Figs. 26.18A and B, C b is a by-pass capacitor and may be neglected in the dis- 
cussion which follows. It is possible to show that, for complete compensation of 
the input capacitance variation, the condition required is 

Rug* = AC/C,* (44) 

where R k = unbypassed cathode resistance 

g k = grid-to-cathode transconductance ; which is given by g m (Jt/Ii) in 
which g m is the mutual conductance ; I k is the total d.c. cathode cur- 
rent (for a pentode this is usually the sum of the plate and screen-grid 
currents) ; I b is the d.c. plate current 
AC = valve input capacitance change 
and Cj* = grid-to-cathode capacitance. 

For a typical case suppose AC = 3 jx/iF, C Ble = 6 /*/iF and^* = 2000 (11.8/9.2) 
= 2560 /xmhos, so that 
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R k = (3/6) x (10 6 /2560) = 195 Q. 

Since AC/C gk determines the value of R k for a particular valve, it is sometimes 
convenient to increase C gk artificially to obtain a more suitable value for R k . This is 
done by adding a small capacitance between the grid and cathode terminals. How- 
ever, too large a total value for C gk can have an undesirable effect on the valve input 
conductance, particularly at high frequencies, and so it is not advisable to increase 
C gJe to more than about twice its usual value or even less, at high frequencies (say 
10 Mc/s or so). For typical results see Ref. 68. For 455 Kc/s i-f circuits it is often 
permissible to connect the whole of C 2 in parallel with C gk . 

Because of the presence of the unbypassed cathode resistor there will be a change in 
the effective mutual conductance (and consequently a loss in gain) given by 

gm{effeetive) = 1 1 5~T ' (45) 



In our example : 

8 m( eftecUv e) 



l + R*g k 



2000 



10- 



1330 jLimhos. 



1 + 195 x 2.56 x 
If C ak is increased to 20 /x/xF then R k = 58.5 Q and the effective g m = 1740 /^mhos. 
The actual cathode bias resistor required is approximately 260 Q so that about 200 Q 
(=R' k ) would be used and this is then by-passed in the usual manner by C k , as shown 
in Fig. 26.18B. The increased value of C Bk would need some corresponding re- 
duction in C 2 since the total capacitance tuning the i-f transformer secondary includes 
the resultant capacitive reactance due to C gk and R k in series if the reactances of C b 
and C ft are neglected. 





FIG.26-ia METHOD FOR REDUCING VARIATIONS OF INPUT 
ADMITTANCE 

The use of an unbypassed cathode resistor results in an increase of the short-circuit 
feedback admittance, and this effect can be used to increase the stage gain so as to 
offset the loss in g m and, also, the reduction in Q of the input transformer due to the 
cathode resistor forming part of the tuned circuit. Two methods are available for 
increasing the feedback admittance ; the first is to connect the plate and screen by- 
pass capacitors back to the cathode ; the second is to add a small capacitance between 
plate and cathode, the plate and screen by-pass capacitors being connected to ground 
in the usual manner. These methods of increasing gain need to be treated with some 
care as they can easily lead to oscillation and particular attention is needed if instability 
is to be avoided. With some valve types (e.g. 6SG7, 6SH7, 9001, 9003, 6AG5, 
6AK5) the plate-to-cathode capacitance is already relatively high because of the in- 
ternal connections between the suppressor grid, beam confining electrodes, and the 
cathode ; this can lead to oscillation difficulties without external capacitance being 
added. 

In the majority of cases it is preferable to return plate and screen by-pass capacitors 
(also the suppressor grid) to ground, and add a capacitance from plate to cathode if 
this is thought to be desirable. 

With any circuit the capacitances can be measured and the value for R k accurately 
calculated, but in a practical case it is generally much simpler to determine an approxi- 
mate value for R k and then find the exact value experimentally. 
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SECTION 8 : STABILITY 

(t) Design data (it) Neutralizing circuits. 

(i) Design data 

The discussion of Chapter 23, Sect. 7 should be used in conjunction with the data 
to be given here ; also, the detuning effects discussed in the previous section are 
closely bound up with the data which follow. 

For stages using single tuned circuits the expression given in Chapter 23 is more 
conveniently arranged as 

Max. stable impedance = / -p, — ■ (46) 

from which it immediately follows that the 

Max. stable gain = / — -^— (47) 

\j w G ffJ) 

For double tuned circuits which are critically-coupled — -the usual case — Jaffe 
(Ref. 74) has shown that 

/ 0.79 , Aa . 

Max. stable impedance = / -= — v**) 



and max. stable gain = / ' (49) 

where g m = mutual conductance of amplifier valve 

a> = 2tt x / (and f is operating frequency ; i-f in this case) 
C„„ = total grid-to-plate capacitance made up from that due to the valve, 
wiring and valve socket etc. 

Additional data are given in Ref. 75 for cases where the input and output circuits are 
not identical. This reference also shows that greater gain is possible when the im- 
pedance of the input circuit is less than that of the output circuit ; a condition which 
is fulfilled only in special cases in practical i-f circuits. 

The equations given above, and in the references, are useful in forming an estimate 
of the possible maximum gain obtainable and in indicating some of the causes of 
instability ; but detailed calculations for various circuit possibilities hardly seem to 
be justified. 

It may be helpful to note that when selecting a particular type of valve for maximum 
gain combined with stability, the most suitable is that having the greatest value of 
gm/Cgj, consistent with other circuit requirements (and cost). For an i-f valve, 
im/Cgj, is of considerable importance but for a r-f valve operating at v-h-f it is also 
very important to consider the factor g m -\/Ri, as pointed out in Chapter 23, Sect. 5. 

(ii) Neutralizing circuits 

A simple neutralizing circuit, which requires only the addition of one capacitor, 
is shown in Fig. 26.19(A). The equivalent capacitance bridge is shown in Fig. 
26.19(B), It is assumed that the cathode by-pass capacitance is large. 

The condition for the effects of the grid-to-plate capacitance to be neutralized is 

C N = c£*L. (50) 

where C N = neutralizing capacitance required 

C = a.v.c. ' by-pass capacitance (usually about 0.01 pF) 
C 3 v = total grid-to-plate capacitance including strays 
and C fffc = total grid-to-cathode capacitance including strays. 

For a typical case C = 0.01 /JF, C gv = 0.01 /i/xF and C gk = 15 /x/xF. 
Then C N = 0.01 x 10" 6 (0.01/15) = 6.7 ^F. 

The exact value for C N is determined experimentally. For receiver production 
it is generally sufficient to use a fixed value for C N which is reasonably close to the 
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AV.C. ' B+ 

(A) ® 

I-F NEUTRALIZATION CIRCUIT 



value required. The neutralization is generally not sufficiently critical to require 
different capacitance values in different receivers of the same type, as even partial 
neutralization is helpful and often sufficient. 

Other circuits using various arrangements of inductance and capacitance for neutral- 
ization and stabilization can be found in the references. Two interesting alternatives 
(Refs. 79 and 80) to that of Fig. 26.19 are shown in Fig. 26.20. 

Circuit (1) will be briefly discussed ; circuit (2) should be self-explanatory. In 
both cases all the components have their usual values except C 3 in circuit (1) 3 and 
L a is an added inductance (in i-f and some r-f circuits) in circuit (2) ; the latter ar- 
rangement is of interest when the cathode is grounded for d.c. To obtain complete 
neutralization in circuit (1) it is required to make 

C 3 = C^C^/C^) (51) 

where C x = i-f tuning capacitor 

Op* = total plate-cathode capacitance including all strays 
and C ejl = total grid-plate capacitance including all strays. 

In a typical case for a 455 Kc/s i-f transformer C x = 100 npF, C Pk = 10 /x/*F, 
C BP = 0.01 wF. 

Then C 3 = 100 X (10/0.01) = 0.1 [iF s which is used as the by-pass capacitor 
across the cathode resistor. Also, remember that exact neutralization may not be 
necessary. 




BOTH CIRCUITS ARE DEGENERATIVE, BUT ARE RE- 
GENERATIVE WHEN AA'.BB' ARE REVERSED 

FIC.26-20 METHODS FOR STABILISING R-F AND I-F AMPLIFIERS 

This circuit requires no additional components and C 3 is set to the value required 
for neutralization. It will be noted that the capacitance of C 3 is somewhat larger 
than is generally used for a by-pass capacitor. The only disadvantage is that an 
additional lug is required on the i-f transformer base and care is necessary to keep 
critical leads as short as possible. The advantage of the circuit in a r-f stage should 
be apparent. 

Receivers which combine the detector diode in the i-f amplifier valve sometimes 
require additional neutralization because of feedback (which may be either regenera- 
tive or degenerative) caused by the grid-to-diode capacitance. A typical circuit is 
shown in Fig. 26.21. This requires two capacitors, C N1 and C Ni , in addition to the 
usual circuit components. 
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Analysis of this circuit (Ref. 77) shows that sufficient accuracy can be obtained if 
two bridge circuits are used to find the values of C N1 and C N2 . Although there is 
interaction between the two circuits, which affects the values selected for C^ and C N2S 
the calculated values are sufficiently close to allow the practical circuit to be satis- 
factorily neutralized. The values of C N1 and C N2 are adjusted in the circuit until 
complete neutralization is obtained. Fixed values can then be selected, since the 
circuit is not very critical to small changes in the values of the neutralizing capacitors. 




FIG.26-21 NEUTRALIZATION IN DIODE PENTODE 



The equations required are (50) above, which is used to determine C N i, just as pre- 
viously, and 



CjfZ — C(C fl s/Cji;) 



(52) 



where C = a.v.c. by-pass capacitance (as before) 

Gad = grid-to-diode capacitance including strays 
and Gj* = grid to cathode capacitance (as before). 
For a typical case : 

C gv = 0.007 /x/xF (including strays), C gd = 0.009 ppF (including strays), 
C = 0.01 /xF, C gk = 15 mjF (including strays), 



J N1 



= 0.01 
= 0.01 



io- 6 
io- 6 



X (0.007/15) = 3.3 /^F, 
x (0.009/15) = 6 wF. 



In an actual receiver, using a type 6SF7, the values required were C N1 = 4 ppF ; 
C N2 = 7 fifiF. With wiring re-arrangement the values required were C N1 = 3 ja/xF 
and C N 2 = 5 [ipF. 

For methods of alignment and a suitable neutralizing procedure see Ref. 77. 



SECTION 9 : DISTORTION 

(*) Amplitude modulation i-f stages (ii) Frequency modulation i-f stages. 

(i) Amplitude modulation i-f stages 

In Chapter 23, Sect. 8(i) the causes of modulation envelope distortion were briefly 
discussed. These same factors apply, also, to i-f amplifier stages, but become more 
serious because of the larger signal voltages which must be handled by the valves. 

The most severe conditions for non-linear distortion will be obtained in the voltage 
amplifier preceding the detector stage, and the worst condition is given when the 
grid bias, due to a.v.c, is large. To reduce the distortion due to non-linearity of the 
valve characteristics, the final amplifier valve is sometimes operated with fixed bias, 
but this also affects the a.v.c. characteristic (see Chapter 27 Sect. 3). As an alter- 
native, partial a.v.c. may be applied to the last stage. If the screen voltage is supplied 
by means of a series resistor (as is common practice) instead of a voltage divider, 
appreciable reduction in distortion is possible. The screen voltage rises as the grid 
bias voltage is increased and, although there is some loss of efficiency in the a.v.c. 
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system, the distortion is materially reduced ; this can be confirmed experimentally. 
As a compromise between distortion and a.v.c. action, the screen supply voltage can 
be obtained by means of a high resistance voltage divider arrangement if so desired. 
Detailed measurements of distortion have been made on typical i-f voltage amplifier 
valves for various methods of screen voltage supply and some of the results can be 
found in Ref. 83. In cases where the range of bias voltage is limited, a high resistance 
voltage divider can be arranged to give less distortion than that given by the series 
feed arrangement. A total increase in non-linear distortion of the order of 2% for 
90% amplitude modulation is to be expected in typical cases using a series screen 
resistor. Because of the internal construction of remote cut-off valves, such as those 
used in i-f and r-f amplifiers, the screen current is often rather variable and this sug- 
gests a voltage divider in cases where variations in screen voltage are important (see 
Ref. 84). 

For methods of measuring the signal handling capabilities of i-f amplifier valves 
and the non-linear distortion from this cause, the reader is referred to Ref. 4 (page 
335) and Ref. 83. 

Frequency distortion, caused by sideband cutting due to the selectivity of the tuned 
circuits, is always present to some extent ; this should be obvious from the discussion 
on the design of i-f transformers and it is not proposed to treat the matter further here. 

(ii) Frequency modulation i-f stages 

With frequency modulation receivers, distortion of the amplitude (in itself) of the 
frequency modulated wave is generally not of great importance, provided the ampli- 
tude limiting device is capable of smoothing out the variations. Non-linearity in 
i-f and r-f valve characteristics are of secondary importance, with this system of 
reception, and the non-linear distortion appearing in the receiver output from this 
cause is usually negligible ; this is the reverse of the case for amplitude modulation. 

The amount of distortion caused by the non-linearity of phase shift/frequency 
characteristics of the tuned circuits is of considerable importance, however, and 
poorly designed i-f transformers will lead to non-linear distortion in the receiver 
output. If the criterion for non-linearity given in eqn. 24 [Sect. 4(v) of this chapter] 
is fulfilled, then the distortion in the receiver output due to the i-f circuits preceding 
the discriminator (or whatever detection system is used) will be quite small, and in 
most cases less than that introduced by the detection and audio systems. 

When a F-M receiver is accurately tuned to the centre frequency of the carrier, 
the non-linear distortion of the modulating signal introduced by the tuned circuits 
will consist mainly of odd order harmonics. Of these the third harmonic (if 3 ) is 
the largest and a method of estimating its magnitude is helpful when i-f transformers 
are being designed. The required expression is (Ref. 82), 

H, = r (1 + ^ L( 1+Q2/b2) 3 j ' (53) 

For a critically-coupled transformer Qk = 1 and so 

H 3 = j- (1 + A*)Kl - 2A*) (54) 

where A = 7 — Q 
Jo 
AF = frequency deviation 
/ = central carrier frequency 
Q = magnification factor (Q x = Q 2 ) 
j8 = modulation index = AF If 
f — a-f modulating frequency 
and k = coefficient of coupling (the coupling may be inductive or capacitive 
and either shunt or series). 

For 1 db attenuation it is known that, for a critically-coupled transformer with 
identical primary and secondary circuits, Q = / /total bandwidth. From this we 
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may write A = JF/total bandwidth. If it is taken that the total frequency deviation 
(2AF) is equal to the total bandwidth for 1 db attenuation, then we obtain 

A = i and H 3 = 0- = - %. (55) 

The Q required for this condition is given from the previously stated relationship 
Q = / /total bandwidth. 

Suppose Q = 71 is obtained, for a critically-coupled transformer, with/ = 10.7 
Mc/s, 2 AF = 150 Kc/s and j8 = 5. Then the third harmonic audio distortion intro- 
duced by each transformer is 1.4% (approx.) ; using either eqns. (54) or (55). 

If Q = 80 is obtained from the procedure of Sect. 4, then eqn. (54) gives H 3 = 
1.57% ; eqn. (55) is not applicable in this case. 

It should be clear that a simple approximate design procedure can be developed 
from the conditions leading to eqn. (55). 

The distortion given in the examples is somewhat higher than that experienced 
under normal operating conditions. The third harmonic of 15 Kc/s will hardly 
trouble the listener, but harmonics of the lower audio frequencies would be serious 
if their amplitudes are appreciable, and the possibility of intermodulation effects 
should not be neglected. 

Applying eqn. (54) for Q = 71, AF = 50 Kc/s (more nearly the usual operating 
condition) and a modulation frequency of 5 Kc/s, then H 3 = 0.074%. (See also 
Chapter 27, Sect. 2 under heading " Non-linear distortion "). 

It should be carefully noted that eqn. (55) applies only for the special conditions 
under which it was derived. Distortion is normally calculated from eqns. (53) and 
(54). 

Only a few of the significant factors have been mentioned here, and for more de- 
tailed information the reader is referred to Refs. 82, 85, 86 and 87. 
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m SECTION 1 : A-M DETECTORS 

(*) Diodes (A) General (£) Diode curves (C) Quantitative design data (D) Miscellaneous 
data («) Other forms of detectors (A) Grid detection (B) Power grid detection (C) 
Plate detection (D) Reflex detection (E) Regenerative detectors (F) Superregenerative 
detectors. 

(i) Diodes 
(A) General 

A diode has two electrodes namely plate and cathode. It is therefore identical in 
structure with a power rectifier but the term is generally restricted to valves which are 
used for detection or a.v.c. as distinct from rectifiers which are used for power supply. 
The operation of diodes with a.v.c. is considered in detail in Sect. 3 of this chapter. 
The operation of a diode on a modulated wave is rather different from the operation 
of a power rectifier, and it is necessary to consider the characteristic curves of a diode 
valve if a full understanding Of the operation is to be obtained. The operation of 
diodes on a modulated input is considered in (B) below. Fig. 27.1 shows typical 
distortion curves for a diode operating firstly under ideal conditions with no a.c. shunt- 
ing (curve B) and secondly the distortion resulting when a load of 1 megohm is shunted 
across a diode load resistance of 0.5 megohm (curve A). The respective percentages 
of harmonic distortion at 100% modulation are approximately 6% and 12% so that the 
presence of such shunting has a very marked effect on performance ; these curves 
apply only for the particular conditions under which they were derived. 

The design of a diode detector for low distortion is based on the following require- 
ments : 

(1) That the input voltage should not be less than 10 volts peak. 

(2) That no appreciable a.c. shunting should be present. 

The first of these two requirements is easily met for local stations and a voltage 
from 10 to 20 volts is quite common in receivers fitted with a.v.c. The second re- 
quirement is one which is difficult to satisfy. Shunting of the diode load may be 
due to : 
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O 10 20 30 40 

FIG. 27. 1 Modulation 

(1) The a.v.c. system. 

(2) The following grid resistor. 

(3) An electron ray tuning indicator. 

The circuit of a typical diode detector is shown in Fig. 27.2 in which the diode load 
resistance is jR 2 together with R x ; the latter, in conjunction with C x and C 2 , form a 
r-f filter so that the r-f voltage passed on to the a-f system may be a minimum. R x 
is generally made about 10% of R 2 and typical values are 50 000 ohms and 0.5 megohm. 
The capacitances of C t and C 2 depend upon the frequency of the carrier ; for an inter- 
mediate frequency of 455 Kc/s they may both be 100 ix/jF. 

If the volume control (i? 2 ) is turned to maximum the shunting effect due to R 3 
will be appreciable, since R 3 cannot exceed 1 or 2 megohms with most types of valves. 
If, however, grid leak bias is used on a high-mu triode valve, R 3 may be approximately 
10 megohms and the input resistance of the valve will then be of the order of 
5 megohms. This is sufficiently high to be unimportant but for lower values of R 3 
the distortion with the control set near maximum may be severe. It is found in most 
conventional receivers that the a-f gain is considerably higher than that required for 
strong carrier voltages and under these conditions the control will be turned to a low 
setting. The a.c. shunting effect due to R 3 is practically negligible provided the control 
is below one-fifth of the maximum position. A good method of overcoming the" 
a.c. shunting due to the audio amplifier is shown in Fig. 27.3. The diode may be 
in the same envelope as the i-f amplifier valve. Negative feedback is applied across 

part of the cathode bias resistor for the a-f 
voltage amplifier valve. For the component 
values shown, the measured input resistance 
between points A and B is in excess of 10 
megohms for frequencies up to about 10 Kc/s. 
A possible disadvantage is the reduction in 
overall gain because of the negative feedback, 
although this is not generally serious. In- 
creasing the feedback resistance R increases 
the overall gain, but reduces the input re- 
sistance. Intermediate values of gain and 
input resistance may be selected as desired. 
For further details of receivers using this 
arrangement see Refs. 6 and 7. 
FIG.27-2 DIODE DETECTOR CIRCUIT 
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FIG.27-S AUDIO AMPLIFIER GIVING LOW A.C. SHUNTING ACROSS DIODE LOAD. 



Another useful method of reducing a.c. shunting effects is to use a cathode follower 
stage between the detector and the a-f voltage amplifier. This is often conveniently 
accomplished by employing a double triode valve, one section serving as the cathode 
follower and the other as an a-f voltage amplifier. 

Distortion due to the a.v.c. system will be discussed in detail in Sect. 3 below. One 
type of distortion often encountered is caused by delayed a.v.c. systems at the point 
where the a.v.c. diode just starts to conduct. This form of distortion is called differ- 
ential distortion and may be kept to low values by making the delay voltage small. 
The conventional arrangement for obtaining a.v.c. voltage from the primary of the 
last i-f transformer is generally preferred, as it reduces the a.c. shunting effect across 
the detector diode circuit. 

The a.c. shunting due to the addition of an electron ray tuning indicator to the diode 
detector circuit is serious and difficult to avoid. In order to reduce the distortion to a 
minimum the resistor feeding the grid of the tuning indicator may be made 2 megohms 
and the effect will only then be apparent at high percentages of modulation. If the 
tuning indicator is connected to the a.v.c. system it will not operate at low carrier 
levels unless the delay voltage is extremely small. One possible method, where the 
utmost fidelity is required, is to use the same circuit as for delayed a.v.c. but with a 
delay voltage of zero, and to connect the tuning indicator to this a.v.c. circuit. With 
this arrangement a.c shunting due to the a.v.c. circuit and the tuning indicator is 

eliminated, while differential 
loading no 



imh 

AV.C.-^ \AAAAAA- 




FIG. 27-4 



COMPENSATED DIODE DETECTOR. 



longer occurs. 

An interesting arrangement 
(Ref. 8) for counteracting the 
effect of a.c. loading, and so in- 
creasing the maximum percent- 
age of modulation which can be 
handled without excessive dis- 
tortion is accomplished by the 
use of the circuit of Fig. 27.4. 
In this arrangement a positive 
bias is applied to the diode plate 
in such a way as to be propor- 
tional to the carrier input. A 
fixed positive bias would not be 
satisfactory since it would only 
give low distortion at one carrier 
level. 



(i) (B) DIODE CURVES 
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(B) Diode curves 

Typical diode characteristics are shown in Fig. 27.5. Each* curve corresponds to 
the peak voltage of a constant unmodulated carrier voltage. On this graph may be 
drawn loadlines corresponding to diode load resistances in a similar manner as for 
triodes. The intersection of the applied loadline (OA) with the peak input voltage 
curve indicates the d.c. voltage developed by the diode and available for a.v.c. As 
the load resistance increases, so the d.c. voltage approaches the peak input voltage. 

For example, if the carrier input is 10 volts peak and the diode load resistor 0.5 
megohm, the diode current will be 17 jkA, and the d.c. voltage — 8.7 volts. If 100% 
modulation is applied to the carrier, the operating point will move at audio frequency 
along the loadline from the intersection with the " " curve, through X to the inter- 
section with the 20 volt curve. The distortion over this excursion is small (about 
5% second harmonic) and may be reduced still further by operating with a higher 
carrier input voltage. 

Typical diode curves with loadlines already drawn are shown in valve data books. 
Average curves are shown in Fig. 27.6 and these are applicable to the diodes incorpor- 
ated in standard types of Radiotron diode-triode and diode-pentode valves. It has 
become the usual practice to show the signal input voltages in r.m.s. values rather than 
the peak voltages indicated in Fig. 27.5. 

If the d.c. load resistance of 0.5 megohm, represented by OA in Fig. 27.5, is shunted 
by an a.c. load (such as would occur due to the grid resistor of the following valve) 
the dynamic loadline will be similar to BC, which passes through the static point X 
but which has a slope corresponding to the total effective a.c. load resistance. This 
loadline (BC) reaches cut-off at about 75% modulation and the distortion at higher 
percentages of modulation will consequently be severe. For any combination of 
d.c. and a.c. loads it is possible to draw the loadlines and determine the limiting 
percentage of modulation before distortion becomes excessive. It should not be 
overlooked that there will be some distortion present even before the limiting per- 
centage of modulation is reached. The evaluation of this distortion is discussed below. 

(C) Quantitative design data 

Design formulae will be set out below so that the performance of the diode detector 
circuit can be assessed. These expressions are used in conjunction with the diode 
curves of Fig. 27.6. The design procedures are necessarily a series of compromises 
but the results form a useful practical guide. For a more detailed discussion the 
reader is referred particularly to Ref. 1 (p. 339), Ref. 2 (p. 413) and Ref. 5 (p. 553). 
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(a) Diode detection efficiency 

This can be found from curves such as those shown in Fig. 27.6. The efficiency 
(assuming a sine wave input) is 

= Edc m 

V ^^rms 

Suppose the d.c. load is 0.5 megohm and the signal input (E rms ) is 15 volts (r.m.s.). 

Then from the curves E dc = 16.8 volts. 

16.8 
v = _ 793 or 79.3%. 

V2 x 15 

Actually the a.c. load should be determined and used for all calculations. The 

a.c. load is, from Fig. 27.2, 

R2R3 

Rac = Rl + R 2 + R 3 (2) 

The d.c. load for the diode detector is 

R dc = R x + R 2 . (3) 

If simple a.v.c. is used the effect of additional a.c. shunting due to this circuit should 

be taken into account. In this case the effects of additional capacitive reactance are 

usually neglected for simplicity. 

(b) Critical modulation ratio 

The highest percentage of modulation which can be handled by the detector, before 
serious distortion of the modulation envelope occurs, is given by 

m = X - * R de + d k s /F W 

where F = fraction of R ic across which R 3 is tapped 

•R2 Ra 



Rl + R* Rdc 

lfR de = 0.5 MP, made up from R t 

F = 0.45/0.5 = 0.9. Taking r) = 

0.5 
m = 1 - 0.793 x 0.9 



= 50 000 Q and R z = 0.45 M^, then 
0.793 as before, and 2?., = 1 MQ we have, 

= 0.78 or 78%. 



0.5 + 1/0.9 

It should be noted that the smaller F is made, the higher the critical modulation 
ratio. If F is fixed, then R 3 is made as large as possible but is usually limited to 
about 1 or 2 megohms unless special circuit arrangements, such as those discussed 
previously, are made. 

The critical modulation ratio can also be increased by applying a positive d.c. 
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bias voltage to the diode plate. This arrangement is only satisfactory if the bias can 
be changed for each i-f input voltage (E rms ) see Ref. 1 (page 348). 
For this case 

m —\ 



f V2E rms + E bia \ f _ R dc \ 

V V2E rms A R *° + R */ p ) 



(5) 
. —,,„., , x R ** + R */ F J 

The circuit of Fig. 27.4 shows a practical arrangement for increasing the critical 
modulation ratio by applying positive bias to the diode plate, as mentioned previously 
in Sect. (A) above. 
. (c) Equivalent damping across i-f transformer 

The secondary circuit damping is found approximately from 

R ac (Vl - 7) 2 - T) COS- 1 !?) 

ij(cos _1 i7 — ijvl — v) 
R E /R ac can be read direcdy from Fig. 27.7 for various values of 17. 

Suppose R ac = 0.36 MQ and 1? = 0.793 then, since R E /R ac = 0.7, the equivalent 
damping resistance is R E = 0.7 x 0.36 = 0.25 Mi?. 

It is often taken in practice (as a " rule of thumb ") that the equivalent damping 
resistance is half the d.c. diode load resistance. This gives an equivalent damping 
resistance of R dc /2 = 0.5/2 = 0.25 MQ in this case. However, it should be realized 
that if the diode efficiency is taken as unity, the equivalent damping resistance which 
appears across the tuned circuit is half the a.c. load resistance ; this is indicated by 
Fig. 27.7. 
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FJG.27-7 DETECTION EFFICIENCY (^) 

Damping of the i-f transformer primary is serious when the a.v.c. voltage is 
derived from a diode detector connected to this voltage source. The usual arrange- 
ment is a capacitor (100 /i/iF or less) taken from the plate connection of the trans- 
former primary to the diode plate. The additional primary damping from this source 
is approximately one third of the d.c. load resistance for the a.v.c. diode. This also 
follows fairly readily if it is considered that R dc shunts the primary of the transformer, 
and in addition the diode conduction current also adds damping equivalent to a parallel 
resistance of approximately R d c/2. From this 

_ Rdc(Rdc/2) __ Rdc 

R £ - R dc + R de /2 ~ 3 ' 
For a typical case, the a.v.c. resistance would be 1 megohm, and so the equivalent 
damping resistance would be approximately 0.33 megohm. If the i-f amplifier valve 
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has a plate resistance of 0.8 megohm the primary damping resistance would be 0.23 
megohm. 

This means that, with detector and a.v.c. diodes conducting, both the secondary 
and primary circuits of the i-f transformer are heavily damped and this damping must 
be taken into account when the i-f transformer, connected between the last i-f voltage 
amplifier valve and the diode detector, is being designed. Delayed a.v.c. will, of 
course, affect the primary circuit damping and three conditions arise : the diode not 
conducting, the diode just starting to conduct, and the diode conducting when the 
applied voltage is reasonably large. When conduction just starts the damping de- 
pends very largely on the diode detection efficiency and will vary quite appreciably 
for a small range of input voltages. It is usually sufficient, however, to know the 
tuned circuit damping for the two conditions, diode not conducting, and diode con- 
ducting with a reasonably large input voltage. For the diode not conducting the added 
damping is approximately R ac ; R dc should not be used here. With the diode con- 
ducting the added damping can be taken as R de /3 with sufficient accuracy in some 
cases since in this case the fact that the diode detection efficiency is not unity offsets 
to some extent the increase in damping which is obtained when R ac is used in place 
of R dc . 

Damping of the transformer tuned circuits as determined above assumes linear 
diode plate-voltage — plate-current characteristics. For parabolic diode detection 
the damping differs by only a small amount from that given by the linear characteristics 
and so, in practice, it is seldom necessary to treat the two cases separately. In any 
case the order of accuracy to be expected in the final results from the procedures set 
out, would hardly justify any additional refinements in the design calculations. 

(d) The actual degree of modulation 

The degree of modulation applied to the detector is always less than the modulation 
of the incoming carrier. The actual value of m which the detector will be required to 
handle is given approximately by 

R*(R*c + 2Z£) 

RdeR3 + 2Z L (R dc + R3) 

where m' = original modulation percentage 
R dc = R t + R z (see Fig. 27.2) 
R 3 = grid resistor of following stage (see Fig. 27.2) 
and Z L — load impedance presented to the i-f voltage amplifier preceding the 
detector stage ; including the effects of all damping on the primary 
and secondary of the i-f transformer. 
In addition, at higher audio frequencies the reduction of side band amplitude by 
the selectivity of the earlier stages in the receiver results in a further decrease in depth 
of modulation. 

(e) Audio frequency output voltage and response (frequency distortion) 
The approximate r.m.s. audio frequency output voltage can be determined for a 

particular arrangement by using the equivalent circuit of Fig. 27.8. It is often as- 
sumed that all capacitive reactances are negligible, for simplicity in carrying out gain 
calculations. However, the circuit is readily modified to include C u C 2 and C 3 as 



OUT 



FIG.278 EQUIVALENT DIODE CIRCUIT AT AUDIO 
FREQUENCIES. 




R'a = ,,„ ' ^ = 31200 Q. 
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shown by the dotted lines, and any additional capacitances in the circuit can be in- 
cluded if necessary. For this diagram 
m = modulation factor 
Etm, = i-f input voltage 

r) = detection efficiency determined from curves of Fig. 27.6 
Z = total load impedance connected between the terminals AB. (This is 
equal to R ac over the middle audio frequency range) 
R2R3 
Rae = Rl + R 2 + R s 
and R' a — internal equivalent resistance of diode at audio frequencies. This is 

given by the inverse slope of the curves of Fig. 27.6. 
Rjj R z and R 3 are as shown in Fig. 27.2. 

It should be noted that R' d is not the diode conduction resistance (R d ) but is related 
to it by 

R* = — =1^ • (8) 

cos * 17 v ' 

Also R' d and R d are not constant for all operating conditions. For our previous 

example we see from the 15 volt (rjn.s.) curve of Fig. 27.6., and taking the diode load 

as being 

i?! + R 2 — 0.5 Mi2, for simplicity, 

(17 - 16.5) x 10 6 

(42 - 26) 

It will be seen that R' d is determined in a rather similar manner to that used for 
finding the plate resistance of multi-element valves. The diode conduction resistance 
in this case is (approximately) 6500 ohms. 

It is sometimes required to find the audio frequency response and this can readily 
be determined from the complete circuit of Fig. 27.8. A suitable procedure would 
be as for r.c. amplifiers in which the capacitances are ignored over the middle fre- 
quency range (say around 400 to 3000 c/s), and the audio voltage output is calculated 
for the resistance network only. At low frequencies the effects of C x and C 2 can 
be ignored since they are usually about 50 to 100 /i/*F each, and only the effect of 
C 3 would be considered. At high frequencies C 3 would be neglected and the effects 
of Cj and C 2 considered. Often only the maximum output voltage is required plus 
the total output variation from say 50 c/s to 10 Kc/s, and this simplifies the calcu- 
lations. If Fig. 27.8 is inspected it will be seen that it is a simple matter to apply 
the generalized low frequency response curves given in Chapter 12. The high fre- 
quency curves can also be applied directly if R t can be neglected (this is usually per- 
missible) and C x and C 2 are considered as being in parallel. 

When using the circuit of Fig. 27.8 it is more convenient to determine the voltage 
E AB since this is given directly by 

E AB = 7 l Tn E rms- 

It follows that, over the middle frequency range, 
jj _ 77 (^IL ~ R 

-Gout — &AB\ Jl 

, E ou t Eout E AB Rac °l 

E' E AB E' R ae + Rd 

If R t can be neglected in comparison with R s and R 3 in parallel, then E out = E AB 
over the middle frequency range. 

It is more accurate to determine" E AB from the curves of Fig. 27.6, since 17 is not 
constant for a modulated carrier voltage and the effects of contact potential are in- 
cluded in the measured data. The procedure is to draw the a.c. loadline on the graph 
and note the d.c. voltages E dc and E de given by the maximum and minimum values 

of E rms during modulation. From this 







AB 2 V~2 



(E dc — E de ). 
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The simplified graphical procedure is only suitable when the amplitudes of harmonics 
higher than the second are negligible [see also (h) below]. More accurate graphical 
methods are required if this is not true. 

To compare the results obtained by the two methods, assume E rm , = 15 volts 
and the percentage modulation is 50% (i.e. m = 0.5). As determined previously 
■q = 0.793, and it will be taken that R a( . = R ie = 0.5 megohm. Then 

e ab = V™ E rm, = 0.793 x 0.5 x 15 = 5.95 volts (r.m.s.). 
From Fig. 27.6, E dcl = 26.5 volts and E dc2 = 7.5 volts so that 

1 
E AB = —j- (26.5 - 7.5) = 6.7 volts. 

The discrepancy between these two results is easily explained, as an examination of 
typical diode circuits giving the d.c. voltage developed by the diode in the absence 
of signal input shows that there is about —0.5 to —1 volt developed across a diode 
load of 0.5 megohm. This difference is also illustrated by the curve of Fig. 27.5, 
which shows that —1 volt is developed for the conditions being considered. It is 
also seen that the variation in detection efficiency (■»?) over the range of voltage used 
does not have a large effect on the final result. The presence of d.c. voltage across 
the load resistor, in the absence of signal input voltage, is due to contact potential 
in the diode. 

(f) Effect of shunt capacitance on detection efficiency 

Too low a value for C x and C 2 will affect the detection efficiency. Provided the 

12.72 
total shunt capacitance across the diode load is not less than 7= — \l\& the ef- 

feet can be neglected where 

/ = frequency (expressed in Mc/s) 

R^R 3 
Rac = R-i + 5 — Td - (expressed in M.Q). 
■K2 +^3 
For our previous example of R ac ""== 0.36 M.Q, and i-f of 455 Kc/s, the capacitance 
due to C x and C 2 should not be less than about 78 /ajuF ; this includes all stray capacit- 
ances. In the circuit of Fig. 27.2 typical values of C x and C 2 are 100 /i/xF each and 
if 1?! is neglected it is seen that the total capacitance is more than twice the value 
required even when strays are neglected. It would be feasible to reduce C x and CJ. 
to 50 /ijuF respectively with a reduction in attenuation at the higher audio frequencies) 

(g) Non-linear distortion 

If the value of total capacitance across the diode load resistance is too large, the 
discharge time constant will be too long and the voltage across the diode load 
will not follow the modulation envelope. This will give rise to non-linear distortion 
and suggests that the rate of discharge of the load circuit should not be less than the 
maximum rate of change of the modulation envelope. It can be shown that non- 
linear a-f distortion due to this cause can be almost completely avoided provided that 

~p > m. (9) 

Suppose we neglect the decoupling resistance (R t ) in Fig. 27.2, as this unnecessarily 
complicates calculations when its value is about 1/10 of R 2 (the usual case). 

What is required, is to determine a value for C t R dc which will allow m = 1, i.e. 
the incoming signal to be 100% modulated. However, it should be clear from pre- 
vious discussion that the modulation percentage is generally a good deal lower than this 
figure, and it seldom happens that very high modulation percentages occur at high 
audio frequencies. 

Take R dc as 0.5 megohm, then l/wC f = mR de = 1 x 0.5 x 10 6 . 

Assume that the highest audio frequency is 10 Kc/s, then w = 2-n x 10 4 and so 
10 12 
Ct = 27 X 10° X 0.5 X 10* = 3L8 ^ F - 

This is the largest value C t should have if the detector is to be capable of handling 
audio frequencies of 10 Kc/s and 100% amplitude modulation. 

It will be noticed from (e) above that the detector efficiency will be reduced if C t is 
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given the value determined. A suitable practical compromise would be to make 
Ci = C 2 = 50 fifiF and retain the values of R lt R 2 and R 3 given in the example. If 
improved decoupling is required then R t could be increased to say 0.1 megohm 
This also permits a higher critical modulation ratio at the expense of some reduction 
in available audio output. The difficulty with non-linear distortion is not encountered 
when C t is charging, since the diode is conducting and the charging time constant is 
approximately C t R' d which in our example is, taking C t = 100 ni*F, 100 x 10 -12 

X 3.12 -x 10 4 = 3 12 n sees. The discharge time constant is approximately 100 

x 10- 12 x 0.5 x 10 6 = 50 /* sees. 

(h) Estimate of magnitude of non-linear distortion 

The distortion can be found from the curves of Fig. 27.6 in the same way as for power 
amplifiers (Ref. 3, p. 100). The operating point corresponding to a given signal 
input is marked on the a.c. loadline. The maximum and minimum excursions of 
the modulation envelope are now marked on this same line. If only second harmonic 
distortion is required (and higher order harmonic distortion is very small) these points 
are sufficient. For distortion calculations which involve harmonics higher than the 
second the methods detailed in Chapter 13 should be used. The expression to be 
used here is 

2nd harmonic percentage = =( J X 100%, (10) 

positive current swing • 

where A = : — — : 

negative current swing 

Voltage swing would give the same results, since the load is taken as being a pure 

resistance. 

Suppose we take R ae = R de and use the 0.5 MJ2 loadline. The carrier input 

voltage is 15 volts (r.m.s.) and is modulated 50%. The voltage swing is thus ± 7.5 

volts (r.m.s.) about 15 volts. 

' From Fig. 27.6 this gives (approximately) 

53 - 33.5 

A = 335^T6 = LU 



2nd harmonic percentage = ~( ^77 ) x 100 = 2.6. 



The true a.c. loadline would indicate somewhat more distortion than is given by 
this simple example. 

(D) Miscellaneous data 

(a) With radio receivers using diode-triode or diode-pentode valves as combined 
detectors and a-f or i-f amplifiers several effects require consideration. Where the 
combined valve is used in the a-f application, difficulty is often experienced with 
residual volume effect (" play-through "). This effect is quite distinct from the 
minimum volume effect experienced with receivers using a reflexed amplifier. The 
residual volume is heard in the receiver output when the audio volume control is 
turned to zero (the grid may also be earthed as a further check). The cause of the 
effect is capacitive and electronic coupling between the detector diode and the plate 
of the a-f voltage amplifier. 

In some cases there may be direct coupling at audio frequencies, but usually the 
important factor is coupling of modulated i-f currents which are detected in the audio 
amplifier. 

A complete cure for the trouble is to combine the detector diode with the i-f voltage 
amplifier. However, this can sometimes lead to difficulties with regeneration or 
degeneration at i-f due to coupling between the detector diode and signal grid. When 
the valve is retained as an a-f amplifier it is necessary to keep all stray coupling to a 
minimum by careful layout and wiring. Diode pentodes are often helpful, particularly 
when series screen feed is used, as adequate screen by-passing gives a marked improve- 
ment. Adequate cathode circuit by-passing is essential in all cases. Neutralization 
to reduce the effect is almost useless unless rather elaborate circuits are used. In 
some cases different types of sockets offer an improvement. If simple a.v.c. is used, 
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earthing, or even leaving disconnected, the second diode will often effect an almost 
complete cure. Obviously the diode connection nearest the plate of the voltage am- 
plifier is the one which should be earthed. 

A second effect which is less frequently encountered is residual volume due to 
capacitance between a diode and the control grid of a combined detector and a-f 
amplifier. Normally this capacitance is unimportant because with the volume control 
turned right down the control grid is grounded through the grid coupling capacitor 
(see Fig. 27.2). However if the audio amplifier is grid leak biased it may have a 10 
megohm grid leak, and in this case a 0.001 /xF grid coupling capacitor would give 
adequate bass response for a small receiver. Under these conditions a voltage of the 
order of one thousandth of the i-f input to the diode could appear on the control grid 
and with a high gain receiver this is ample to give annoying minimum volume. The 
remedy, of course, is to increase the size of the grid coupling capacitor. 

(b) In general, diodes do not start to conduct at precisely the point where the plate 
voltage exceeds zero. Contact potentials and other effects will sometimes allow 
the valve to conduct when the diode plate voltage is slightly negative (this is usual 
with valves having indirectly heated cathodes), but in other cases (e.g. some battery 
valves) conduction does not occur until the plate voltage is appreciably positive. This 
point can be appreciated by an examination of typical diode curves. The effects of 
the contact potentials will be further considered in Sect. (3) below when automatic 
volume control is being discussed. 

For a discussion of the effects of positive and negative start of plate current (which 
may be deliberately introduced as mentioned in (C)(b) above) in diode detectors the 
reader is referred to Ref. 1, Chapter 8. 

(c) There are distinct advantages in having the a-f volume control as the diode 
load. For the usual operating conditions on local signals the setting of the control 
is fairly well down, and so the effects of a.c. loading are very much reduced. This 
advantage is lost when the control is in the grid circuit of the a-f voltage amplifier. 
The disadvantage is that many controls become noisy, usually after a fairly short 
period, when they have the diode current passing through them. A compromise 
arrangement may be best with the control in the grid circuit (i? 3 in Fig. 27.2) and 
/?! about 0.1 megohm and R 2 say 0.5 megohm. 

(d) As a summary of the characteristics of the diode detector, it may be stated that 
its performance as regards frequency and non-linear distortion is excellent provided 
the input voltage is high and the factors discussed above regarding a.c. shunting etc. 
are incorporated in the detector design. All forms of detectors suffer from distortion 
at low input levels, but the diode has the particular advantage that the input maybe 
increased to a very high level with consequent reduction of distortion, without any 
overloading effect such as occurs with other forms of detectors. 

(e) Crystal diodes are described in Section 7. 
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FIG.275 FORM OF GRID LEAK DETECTOR. 

(ii) Other forms of detectors 
(A) Grid detection 

Leaky grid or " cumulative detection " has been used for many years and is still 
widely used for certain applications. The theory of its operation is essentially the 
same as that of the diode except that a triode is also used for amplification. The 
derivation of a leaky grid detector from the combination of a diode and 
triode is shown in Fig. 27.9. Whether the grid capacitor and resistor are inserted as 
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shown (as is usual with the diode) or at the point X is immaterial from the viewpoint 
of operation. The diode is directly coupled to the triode and therefore the audio fre- 
quency voltages developed in the diode detector are passed on to the triode grid, but at 
the same time this grid is given a d.c. bias through the d.c. voltage developed in a 
similar way to that by which a.v.c. is obtained. Consequendy the operating point of 
the triode varies along the e„-i p curve from zero towards more negative grid bias 
voltages as the carrier voltage is increased. This is the same effect as that obtained 
when the diode is omitted (Fig. 27.10) since the grid and cathode of the triode act as a 
diode and produce the same results. The illustration given was purely to demonstrate 
the derivation of the one from the other and not to be a practical form of detector 
since no advantage is gained by retaining the diode in the circuit. 




FIG.27-10 



GRID LEAK DETECTOR WITH 
TRANSFORMER COUPLING. 



It will be seen that the operating point varies along the e^-ij, characteristic curve 
hetween zero bias and the cut-off point (Fig. 27.1 1). There will be a certain strength 
of carrier at which the detection will be most satisfactory, and at lower or higher 
levels detection will not be so satisfactory on account of improper operating conditions. 
If with a certain carrier input voltage the d.c. bias on the grid is OA s then the point 
corresponding to peak modulation is B where OB equals twice OA. If the point 
B is on the curved part of the characteristic, or in the extreme case actually beyond 
the cut-off, the distortion will be severe. A valve having low p. and low g m is capable 
of operating with a higher carrier voltage than a valve with improved characteristics, 
but the gain in the detector stage will be less. There is a further difficulty in that 
the plate current at no signal, or at very weak signal, may be excessively high. If 
transformer coupling is used this may, in extreme cases, damage the valve, or pass too 
much direct-current through the transformer, unless the plate supply voltage is re- 
duced. If resistance coupling or parallel-feed is used the efficiency of the detector 
is decreased. As with diode detection there is distortion at low levels due to the 

" diode characteristics " but as distinct 
from the diode, the overload point 
occurs at quite a low carrier voltage. 
This method of detection is therefore 
very much limited in application. 

With battery type valves used as 
cumulative grid detectors it is often 
advantageous to connect i? x (Fig. 27.10) 
to filament positive ; C x remains as 
before. The advantage obtained is 
that larger modulation percentages can 
be handled and detection will start 
with smaller input voltages. The 
arrangement is equivalent to supplying 
the grid, which is acting as the plate 
of a diode, with a positive bias voltage 
(see Ref. 1, p. 357) and moving the 
position of the start of grid current. 
FIG.27-II TYPICAL Eo-I p CHARACTERISTIC. 
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A typical circuit for a grid leak detector as used in radio receivers is shown in 
Fig. 27.12. 

Damping of the input circuit occurs in the same manner as for a diode but additional 
damping occurs because of grid-plate coupling. The arrangement shown in Fig. 
27.12 for the grid resistor further increases the loading on the input circuit. Detailed 
discussions of this type of circuit can be found in Refs. 2 (p. 414), 1 (p. 377) and 10. 
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HG, 27-12 TYPICAL GRID LEAK DETECTOR 
WITH R-C COUPLING. 

(B) Power grid detection 

Power grid detection is a modification of leaky grid or cumulative detection and the 
circuit is identical in form, but the operating conditions are so chosen that the valve 
will operate on higher carrier voltages without overloading. In order to obtain a 
short time constant from the grid capacitor and resistor combination the capacitance 
and resistance are reduced, thereby improving the high audio frequency response. 
Under optimum conditions the distortion is at least as high as that of a diode together 
with increased distortion due to the curvature of the e g -i v characteristic. The over- 
load point, even though higher than that of ordinary leaky grid detection is at a much 
lower level than that with diode detection. 

All forms of grid detection, particularly " power grid detection," involve damping 
of the grid circuit due to grid current, and this damping causes loss of sensitivity and 
selectivity. Grid detection is thus similar to diode detection in that it damps the input 
circuit. It has the advantage over diode detection in that gain is obtained in the de- 
tector which can be still further increased if transformer coupling is used between it 
and the following stage. Transformer coupling can, of course, only be used when 
the valve has a low plate resistance. 

The foregoing comparison between a diode and a grid detector is on the basis of the 
detector alone. In modern practice the diode detector is frequently in the same 
envelope with a voltage amplifier and the total gain is quite high. 

(C) Plate detection 

Plate detection or " anode bend detection " involves operation towards the point 
of plate current cut-off so that non-linearity occurs, thereby giving rectification. 
Owing to the slow rate of curvature the detection efficiency is small, but there is an 
advantage in that the amplification which is obtained makes up, to a certain extent, 
for the poor detection efficiency. Due to the gradual curvature the distortion is very 
great with low input voltages, and even with the maximum input before overload 
occurs the distortion is rather high with high percentages of modulation. An im- 
portant advantage of plate detection is, however, that the grid input circuit is not 
damped to any great extent, and the detector is therefore sometimes spoken of as being 
of infinite impedance, although this term is not stricdy correct. 

With pentode valves it is possible to use either " Bottom Bend Rectification " as 
with triodes or " Top Bend Rectification " peculiar to pentodes. This " top bend " 
in resistance coupled pentode characteristics can be seen on valve data sheets e.g. 
type 6J7 dynamic e g — i v characteristics provide a good illustration (Fig. 12.14A). 

A similar effect occurs with triodes, but only in the positive grid region, and for this 
reason it is incapable of being used tor plate rectification. For top bend rectification 
with a pentode valve it is desirable to operate the valve with a plate current in the region 
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of 0.95 (E B /R L ). The exact operating point for optimum conditions depends upon 
the input voltage. 

Pentode valves are particularly valuable as plate detectors since the gain is of such 
a high order. If resistance coupling is used the gain is reduced very considerably, 
and in order to eliminate this loss it is usual to adopt choke coupling using a very high 
inductance choke in the plate circuit, shunted by a resistor to give a more uniform 
frequency response. If the shunt resistor were omitted the high frequencies would 
be much greater than the low frequencies in relative level. 

With all forms of plate detectors the bias is critical and since different valves of the 
same type require slightly different values of bias the use of fixed bias is not recom- 
mended. A very high value of cathode resistance is usually adopted to bias the valve 
very nearly to cut-off, and in such a way that if valves are changed, or vary during life, 
the operating point maintains itself near optimum (Fig. 27.13). 
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Screen grid and pentode valves with self-bias have been used as plate detectors 
very satisfactorily for a number of years, although the distortion with the usual arrange- 
ment is too high for them to be used in any but the cheapest radio receivers at the 
present time. Such a detector is, however, permissible for some types of short-wave 
reception and for amateur communication work where its high grid input impedance 
results in higher sensitivity and selectivity. 

With the usual plate detector the cathode bypass capacitor (C 2 , Fig. 27.13) has 
customarily been made sufficiently large to by-pass both audio and radio frequencies. 
Often C 2 is a 25 /nF electrolytic in parallel with a 500 /ajuF mica capacitor. This 
arrangement, although widely used in the past, is not a correct one and leads to dis- 
tortion when the modulation factor is at all high. The effect is similar to that de- 
scribed in connection with diode detectors having the a.c. loadline appreciably different 
in slope from the d.c. loadline. The correct procedure calls for the resistor i? 2 to be 
by-passed for radio frequencies only, and although this results in a very considerable 
loss in gain because of negative feedback, the results obtainable are excellent. In a 
typical case -R 2 might be taken as 10 000 to 100 000 ohms and C 2 as 500 to 100 (X[iF 
respectively, the plate load resistor would be about 0.25 megohm ; additional r-f 
decoupling is usual in the plate circuit, although this is not shown in Fig. 27.13. This 
circuit is often called a reflex detector, although this term is sometimes reserved for 
cases where 100% negative feedback is used with a plate detector, and the audio out- 
put is then taken from the resistor in the cathode circuit ; the plate is earthed for 
a.c. in this case. The results obtainable from the modified plate detector are ex- 
cellent, and are comparable with those given by the diode arrangement. The reflex 
detector is further discussed below. 
(D) Reflex detector 

The reflex detector is essentially a plate detector with negative feedback. Any 
amount of feedback may be applied from zero to 100%, and as the feedback increases, 
so the distortion decreases and the stage gain decreases until in the final condition 
with 100% feedback the gain is less than unity. The reflex detector has an even 
higher input impedance than the usual type of plate detector, and is therefore valuable 
in certain applications. Under certain conditions the input resistance is negative 
and can lead to instability troubles. The increased selectivity can also result in side- 
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band cutting. The degree of feedback may be adjusted to give any required gain 
(within reasonable limits) by altering the size of cathode by-pass capacitor and the 
relationship between the plate and cathode load resistance, but the distortion increases 
with gain and if low distortion is required the maximum gain is limited to about three 
or four times even with a pentode valve. With maximum degeneration and stable 
operating conditions, the distortion (see Ref. 11) is about the same as for a diode 
operating under similar input voltage conditions, while the reflex detector has the 
distinct advantage of high input impedance. One application which appears to be 
of importance is in high fidelity t,r.f. receivers, but even here the reflex detector has 
not shown any very marked improvement over the diode from a consideration of 
distortion alone. Input voltages in the order of 10 volts (r.m.s.) are usually most 
satisfactory when low distortion is desired and in a typical case using 100% feedback 
about 3% total harmonic distortion can be expected when the modulation depth ap- 
proaches 100%. This assumes that the a.c. shunting is high (say 10 : 1 or so) com- 
pared with the d.c. load. Some useful discussion is given in Refs. 14 (pages 51-55) 
and 15. These performance figures can be compared with those stated previously 
for the diode detector under similar operating conditions. Reflex detectors do not 
provide a.v.c. and so are not used in normal broadcast receivers. They could be used 
in combination with amplified a.v.c. to provide a receiver with good characteristics. 

Typical circuit component values have been discussed in (C) above in connection 
with modified plate detectors. For the case of 100% negative feedback (i.e. the load 
resistance is in the cathode circuit and the plate is earthed for a.c.) the cathode 
resistance is made large compared with l/g m and a typical value is 25 000 ohms. 
The by-pass capacitance across this resistance can be about 500 /^/iF. There is 
seldom any difficulty with a.c /d.c. ratios as the grid resistance of the following a-f 
stage is generally about 0.5 megohm. Additional components required are a blocking 
capacitor, to prevent the d.c. cathode voltage from being applied to the grid of the 
a-f amplifier, and a series resistor and shunt capacitor to provide additional r-f de- 
coupling between the two circuits. 

A limitation of the reflex detector is that there is a definite maximum for the input 
signal voltage for freedom from grid current. A further increase of input causes 
rectification at the grid, with added damping of the grid input circuit, and a steady 
increase in distortion. An increase in the supply voltage raises the threshold point 
for grid current. Further data are available in Refs. 11, 12, 13, 14 and 15. 

R-F CHOKE 
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REGENERATIVE DETECTOR. 



(E) Regenerative detectors 

A common arrangement for this type of detector is shown in Fig. 27.14. The 
amount of positive feedback is adjustable, by means of C ti to allow increased sensi- 
tivity with various signal input voltages. Oscillation will occur when the degree of 
feedback is sufficiently large, and the circuit can then be used for the detection of CW 
telegraph signals. For battery operated valves it is usual to return the grid resistor 
to filament positive. 



27.1 (ii) (E) REGENERATIVE DETECTORS 1087 

Best results are generally obtained using pentode valves and resistance-capacitance 
coupling to the following audio stage. This arrangement minimizes "threshold 
howl." 

Feedback control is possible with a variety of circuits but least difficulty is usually 
experienced with the variable capacitor arrangement, or the use of a variable resistor 
in the screen circuit. The latter arrangement is advantageous as regards the re- 
duction of detuning effects. 

Further details of this type of detector can be found in Refs. 1, 5, 16, 17, 18, 19 
and 20. * 

(F) Superregenerative detectors 

The superregenerative detector is a regenerative circuit in which the detector is 
automatically switched in and out of oscillation at a very low radio frequency rate 
(usually about 15 to 100 Kc/s). This switching frequency is called the " quench- 
ing " frequency. In general the quenching frequency is increased as the carrier 
frequency becomes greater, but sensitivity and selectivity are improved by using the 
lowest permissible value of quenching frequency. For many cases it is usual to 
make the quench frequency about twice the highest audio frequency contained in the 
modulation envelope, and it is not considered good practice for the quench frequency 
to be lower than this value. The amplitude of the quench voltage is also important 
and it will have a very appreciable effect on the selectivity characteristic. In general 
if the quench voltage amplitude is increased in a separately quenched circuit, the 
selectivity is reduced. 

The advantage of this circuit is the extremely high sensitivity which is possible 
using a single valve. The disadvantages are the high noise level in the absence of a 
signal, the poor selectivity, and the high distortion. 

The circuit of Fig. 27.14 can be made to operate as a superregenerative detector 
by increasing the time constant of the grid resistance and capacitance combination, 
and making the amount of regeneration very large. The quenching frequency can 
be simply adjusted by altering the value of the grid resistance. 

A separate quenching oscillator is often used with the regenerative detector arrange- 
ment, but as this requires additional circuit components and sometimes an additional 
valve, it is not so popular as the simple arrangement previously mentioned. The 
development of suitable types of double triode and converter valves largely overcomes 
this objection, however, and many modern circuits use separate quenching. 

Several other points of interest arise with this detector. Amplitude limiting occurs, 
so there is less interference from car ignition and similar noises than when other 
detectors are used ; the output on strong signals is not much greater than for -weak 
signals. Noise quieting and limiting are improved however, by using low quench 
frequencies. A r-f stage should be incorporated in receivers using this type of de- 
tector to reduce radiation. This additional stage will not materially alter the signal- 
to-noise ratio obtainable with the detector alone. Circuits incorporating the prin- 
ciple of superregeneration have been used in cheap F-M receivers ; this point will 
receive some further consideration in the section on F-M receivers in Chapter 36. 

The method to be adopted for measuring the selectivity of a superregenerative 
receiver requires some consideration. Conventional methods are usually inadequate 
since in most cases the problem is similar to that of taking the selectivity curve of 
a receiver having a.v.c, but in this case the a.v.c. cannot be disconnected. A suitable 
procedure (Ref. 26) is as follows. 

With no input signal applied the audio noise output is measured. A signal is ap- 
plied at the resonance frequency and its amplitude adjusted until the noise is sup- 
pressed by about 10 to 20 db (or any convenient amount). The selectivity is then 
found by tuning the signal generator to various frequencies around resonance, in the 
usual manner, and the input voltage is adjusted until the same degree of quieting is 
obtained as at resonance. The difference between the two signal inputs off and at 
resonance for the same degree of quieting, gives the attenuation at the particular fre- 
quency being considered. 

Further details of this detection system are available in Refs. 5 (page 662), 20 (page 
148), 21, 22, 23, 24, 25 and 26. 
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SECTION 2 : F-M DETECTORS 

(*') Types of detectors in general use (ii) General principles (iii) Phase discrimina- 
tors (A) General (B) Design data (C) Design example (iv) Ratio detectors (A) General 
(B) Operation (C) Types of circuit (D) Design considerations (E) Practical circuits 
(F) Measurements on ratio detectors. 

(i) Types of detectors in general use 

Although many ingenious methods have been suggested for the detection of fre- 
quency modulated signals, only a few circuits have found general acceptance by re- 
ceiver manufacturers. Of these detectors a form of locked oscillator (the Bradley 
detector) has been used by one large manufacturer, but does not appear to have been 
employed to any extent outside of this organization. Amplitude discriminators 
have been used to a very limited extent with duo-diode triode valves having a separate 
cathode for the two diodes. However, the generally accepted method of F-M de- 
tection has been the phase discriminator. A modification of the basic phase 
discriminator circuit has been used for the ratio detector, and this arrangement 
has achieved wide popularity because it allows a satisfactory F-M receiver to be con- 
structed without the use of an additional amplitude limiting stage. Simple detuning 
of the signal circuits has been employed in one type of receiver (the Fremodyne) 
to give frequency to amplitude conversion, but this is only satisfactory in a very cheap 
receiver where cost is more important than quality. 

In what follows attention will be confined, mainly, to the design procedures to be 
adopted for phase discriminators and ratio detectors. References are listed at the 
end of this chapter, and can be consulted for details of a number of the alternative 
detection systems available. The amplitude and phase discriminators used in con- 
nection with Automatic Frequency Control Systems are further considered in Chapter 
29. 

(ii) General principles 

The circuits which will be considered here utilize tuned circuits to convert fre- 
quency changes to amplitude changes. The amplitude modulated carrier is then 
applied to detectors (usually diodes) to recover the intelligence contained in the re- 
ceived signals. 

Although the amplitude modulated carrier applied to the detectors is also frequency 
modulated, the detectors are only sensitive to amplitude changes, and so it is only the 
resultant amplitude variations which appear at the output of the detector stage. It is 
because the detectors are sensitive to amplitude changes, that some method of limiting 
is required to overcome undesired amplitude variations. 

The tuned circuits to be described are called discriminators, although this name is 
often taken to include the diode detectors as well. If distortion is not to be introduced 
by the discriminator it is essential that the amplitude variations produced be directly 
proportional to the frequency variations i.e. the circuit must be linear over the full 
range of applied frequency deviation. The usual precautions for reducing distortion 
in the detector circuits must also be applied, just as for any other A-M detector. 
These precautions have been discussed previously, and those given for diode detectors 
should be carefully observed here. One big advantage does appear, however, the 
percentage amplitude modulation is likely to be quite small, depending on the fre- 
quency-amplitude conversion efficiency of the discriminator circuit, and so the possi- 
bility of non-linear distortion is considerably reduced. 

(iii) Phase discriminators 
(A) General 

The basic circuit arrangement, together with the voltage distribution at the resonant 
frequency, for a phase discriminator is shown in Fig. 27.15. The name arises be- 
cause the operation is dependent on the 90° phase shift which occurs at resonance 
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frequency of the applied primary voltage E x (the magnitude of this voltage will be 
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FIG.27I5 



BASIC PHASE DISCRIMINATOR CIRCUIT. 



assumed constant for the moment) alters, the phase angle between E. x and E 2 changes 

from that at resonance. This leads to a change in the relative magnitudes of E 4 

and E B . 
The vector relationship between the primary and half secondary voltages, for the 

phase discriminator, are shown in Fig. 27.16. This assumes constant primary voltage 

E x . 

If the primary voltage E x has its 
amplitude varied in a suitable man- 
ner (e.g. by setting the coupling 
between the transformer windings, 
for given primary and secondary 
Q's, so that two primary voltage 
humps of the required amplitude 
appear as the frequency is varied) 
the linearity and sensitivity of the 
discriminator can be very appreci- 
ably improved. 

This statement, regarding line- 
arity and sensitivity, refers, of 
course, to the relationship between 
voltage output and frequency-devia- 
tion from the central reference fre- 
quency (i.e. the nominal intermedi- 
. ate frequency). 

Analysis of the phase discrimina- 
tor for F-M applications has been 
made by K. R. Sturley (Refs. 27 
and 28), and the results of this 
analysis will be used below It 
might be mentioned that a number 
of aliscrirninator circuits for a wide variety of applications have been designed using the 
data derived by Sturley and very satisfactory results have been obtained in practice. 
Before proceeding to set out the design data, the circuit of Fig. 27.17 will be briefly 
discussed. 

The voltages applied to the plates of the double diode valve V 2 will be E' A and 
E' B respectively. The output voltages from the diodes are developed across R s 
and R t , and the circuit is arranged so that the available output voltage is equal to the 
difference between the two separate voltages. This means that when the frequency 
of the carrier voltage is exactly equal to the intermediate frequency, no output will be 
obtained from the detector. Reference to Fig. 27.16 should help to make this point 
quite clear, since the rectified voltages across R s and # 4 in Fig. 27.17 are given by the 
peak voltages applied to the diode plates multiplied by the detection efficiency of the 
diodes. As the signal deviates from the central reference frequency (i.e. the inter- 
mediate frequency), a voltage (E out ) will appear between the points P and N (Fig. 
27.17), and its polarity will depend on the relative magnitudes of the voltages across 
R 3 and i? 4 ; e.g. point P will be negative with respect to point N when the voltage 
across R 3 is less than that across R t . It follows that it should be possible to calculate 
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FIC.27-17 TYPICAL PHASE DISCRIMINATOR ARRANGEMENT FOR F-M DETECTION. 

the relationship between output voltage and frequency change from 

E„ ui = V CE' A - E' B ) (11) 

where rj = the diode detection efficiency, and is assumed to be the same for both 

diodes of V 2 . 
(B) Design data 

For most designs it is usual to take the total secondary voltage E 2 as being twice 
the primary voltage E. x i.e. 

E 2 /E ± = 2. (12) 

Primary and secondary Q's are made equal, so that 

Q = Qi = Q 2 . (13) 

The value for Q is determined from 

Q = f r /(2Af) (14) 

where f r = intermediate frequency 

and 2Af = total frequency range for which substantially linear operation is re- 
quired. 
The coefficient of coupling for the transformer is found from 

Qk = 1.5 (15) 

when a good compromise between sensitivity and linearity is required (the usual case). 

For special cases where linearity is the main requirement it is suggested that 

Qk = 2 (16) 

be used. The loss in sensitivity in this case is about 1.54 times as can be seen by 

comparing eqns. (20) and (21). 

From the principles of coupled circuits it is possible to show that 

ih^V? (17) 

and for our particular cases with E i /E 1 = 2 and Qk = 1.5 or 2, the relationship 
between L a and L x is 

L t /L x = 1.77 (for Qk = 1.5) (18) 

and L 2 /L t = 1 (for Qk = 2). (19) 

The discriminator sensitivity at f T is given by 



where 



and 



(Qk = 1.5) 
S (Qk = 2) 

Em 

Q 



5.465 X KfigmQ^L^Eg volts per kilocycle deviation, (20) 
3.554 x lO z g m Q 2 L l -r)E fl volts per kilocycle deviation, (21) 

mutual conductance of V x 

magnification factor determined from eqn. (14) 

primary inductance of transformer 

diode detection efficiency 

peak voltage between grid and cathode of V x . 
It should be apparent that the sensitivity, given by eqns. (20) and (21), is directly 
proportional to E g and so the output from the discriminator is dependent on the input 
voltage. To overcome this difficulty the valve W x is arranged as a limiter in such a 
way that the product g m E g is kept almost constant, and thus the output voltage is 
no longer directly dependent on the magnitude of the signal input voltage. 

Curves of discriminator output voltage versus frequency deviation can be found 
from vector diagrams similar to that of Fig. 27.16, and then introducing suitable cor- 
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rection factors to allow for variations in E x deliberately introduced by the transformer 
design. However, it is possible to determine two generalised curves for the design 
conditions previously imposed, one curve for Qk =■ 1.5 and the other for Qk = 2. 
The curves are shown in Fig. 27.18A, and relate the quantity X (which is a function 
of bandwidth) to the relative output voltage Era- Only the positive halves of the 
curves are shown since the negative halves have substantially the same shape. To 
determine the output voltage E out against frequency, it is only necessary to multiply 
the horizontal scale by a factor determined by eqn. (14), and the vertical scale by a 
factor determined by eqn. (20) or eqn. (21) (depending on whether Qk = 1.5 or 2 
is used). 




FIC. 27-18^) GENERALISED PHASE DISCRIMINATOR CURVES OF RELATIVE VOLTAGE OUTPUT (E re t) VERSUS X 
WITH E 2 /E l -2; Q-ft=l-5AND2. V 

The two curves shown in Fig. 27.18(A) are calculated from the following equations. 
For Qk = 1.5, the relative voltage output is 

3.25,4 

Erd = , (22) 

V(3.25 - X 2 ) 2 + 4X 2 
and for Qk = 2, 

5A 

Erel = ,,_ ._ , .... (23) 



where A = 



V(5 - X 2 ) 2 + 4X 2 

a wr+*[J(i_+ r^^+drx^) 2 - 

\J \ l ~ 1 +xv + \1 +XV J 
X == Q 2Af/f r 
Q = magnification factor determined from eqn. (14). Equation (14) is the 

condition for X = 1 
Af = frequency deviation from f r 
and f T = intermediate frequency. 

To illustrate the design procedure, and to bring out additional points, a worked 
example is appended. 
(C) Design example 

A phase discriminator is required for use with a 10.7 Mc/s F-M i-f channel. The 
maximum frequency deviation of the carrier is ± 75 Kc/s. To make the problem 
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complete it will be taken that the highest audio frequency is 15 Kc/s and the de- 
emphasis time constant is 75 micro-seconds. 

(a) The majority of applications call for reasonable discriminator sensitivity and 
so the condition Qk = 1 .5 (see eqn. 15) is practically always used. Also, high primary 
dynamic impedance will increase the sensitivity of the discriminator. However, 
since Q is fixed by other considerations (see eqn. 14) L x should be large, but L x is 
limited by L a which in turn is limited by the permissible minimum secondary capacit- 
ance C 2 . A value is selected for C 2 and the design can then proceed. 

(b) A suitable value for C 2 , including all strays, is 50 fifiF. Then 

25 330 

= 4.41 fiH. 



10.7 2 X 50 
From eqn. (18), 

1 ~~ 1.77 ~ 1.77 



2.5 /iH. 



25 330 



From this 

Cl = 10 7 a x 25 ^ 88 " 5 JU/LtF (including all strays). 

(c) If the discriminator frequency — voltage characteristic were exactly linear then 
it would be sufficient to make the total frequency range 24/ = 2 x 75 = 150 Kc/s. 
To this would be added an allowance for frequency drift due to the oscillator and the 
discriminator tuned circuits. Since the discriminator characteristic is not exactly 
linear (it is linear for about 80% of the total curve using the data given as can be seen 
from Fig. 27.18) and the frequency drift is not always small it has become common 
practice in broadcast F-M circuits (of the type being considered) to make 24/" from 
200 to 400 Kc/s. 

As a practical compromise we will take the total bandwidth (2Af) as 250 Kc/s, but 
the design procedure is the same irrespective of what bandwidth is selected. 

With 2Af = 250 Kc/s we have from eqn. (14) 
Q = 10.7/0.25= 42.8. 

From eqn. (15), Qk = 1.5 
and so k = 1.5/42.8 = 0.035. 

(d) Summarizing, for the discriminator transformer (see also Fig. 27.17) 
L x = 2.5 fiH; L 2 = 4.41 fiH ; C x = 88.5 /^F ; C 2 = 50 ^F j Q = Q t 

42.8 ; k = 0.035 ; M = 0.116 /aH. Secondary winding to be centre-tapped. 



= & = 



capacitance values include all strays. 



The 
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(e) The discriminator sensitivity at/ r is given by eqn. (20). Assume Eg = 1 volt 
(peak), g m = 5 mA/volt and ij = 0.7. Then 

5 (Q& = 1.5) = 5 - 465 x 10 3 x 5 x 10- 3 x 42.8 2 x 2.5 x 10~ 6 x 0.7 x 1 
= 0.0875 volts per kilocycle deviation. 
This also allows the vertical scale factor to be determined for the complete dis- 
criminator curve as shown on Fig. 27.18(B). The horizontal scale factor is found from 



X = 



2Af 
Q T = 1 [i.e. 

Jr 



Therefore Af 



xf. 

2Q 



eqn. 
10.7 



(14)]. 
x 10 3 



= 125 Kc/s. 



2 x 42.8 

The procedure for finding the plotted points on the curve of Fig. 27.18(B) is as 
follows. Draw up a table, as shown below, with values of X corresponding to values 
of E Te i read from the curve of Fig. 27.18(A). Since it has just been determined that 
Af = 125 Kc/s when X = 1, the column for Af can be filled in (e.g. when X = 0.8 
then Af = 125 x 0.8 = 100 Kc/s, and so on). The sensitivity has been determined 
as 0.0875 volts per kilocycle deviation, and so for 25 Kc/s deviation E out = 0.0875 x 
25 = 2.19 volts (the lowest deviation frequency in the table should be used to find 
E out in this case). It is now seen that the value of E out = 2.19 volts corresponds to 
E re i = 0.28, and so the scale factor is 2.19/0.28 = 7.82. If 7.82 is now multiplied 
by E re i in each case, the column for E out can be filled in. The complete curve for 
E ut versus Af can now be plotted. 



X 


*f 


Erei 


77 


0.2 


25 


0.28 


2.19 


0.4 


50 


0.56 


4.38 


0.6 


75 


0.84 


6.56 


0.8 


100 


1.12 


8.76 


1.0 


125 


1.36 


10.61 


1.2 


150 


1.52 


11.9 


1.4 


175 


1.6 


12.5 


1.5 


187.5 


1.62 


12.7 


1.6 


200 


1.6 


12.5 


1.8 


225 


1.52 


11.9 


2.0 


250 


1.31 


10.5 



(f) It now remains to determine suitable values for the other components in the 
circuit of Fig. 27.17. 

C 3 is for the purpose of connecting the transformer primary to the secondary 
centre-tap, and providing isolation of the secondary from the h.t. on the plate of V x . 
A suitable value is 100 ^juF. The capacitor should have high insulation resistance. 

C 4 is a by-pass capacitor ; a value of about 0.01 /iF is usual. 

R 3 and R A are made equal, and are generally about 100 000 ohms each. 

C 5 acts as a by-pass for i-f but must not appreciably affect the audio frequency 
response. The usual value is about 100 fifiF. 

The de-emphasis network consists of R b and C 6 . For 75 microsecond de-emphasis 
the nominal values would be 75 000 ohms and 0.001 /i.F respectively. If an improved 
a.c./d.c. ratio is thought to be necessary then suitable values would be say, 0.25 MJ2 
and 30 /x/tF. The grid resistor in the following a-f stage should not be less than 
1 M.Q if excessive loss in gain is to be avoided. However, the actual values used in a 
receiver will generally deviate from these nominal figures if the overall audio frequency 
response of the receiver is made to follow the 75 microsecond de-emphasis curve to 
15 Kc/s, because of the presence of stray capacitances etc. and in some cases to help 
compensate for the overall a-f response. 

To determine i? x : — the transformer primary damping due to a single diode circuit, 
connected as shown, is R dc /3. For this circuit R dc = R 3 = Ri = 100 000 ohms. 
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Also, because of the circuit arrangement, R 3 and 2? 4 are in parallel. The total damping, 
due to diode conduction currents in addition to R 3 and R 4 , is then 

*(t) - lj T- ■««• »■ 

If R 3 is not equal to 2? 4 , the damping resistance is given by R s /3 and RJ3 in parallel 
i.e. 

R Z RJ3(R Z + jR 4 ). (When R a = R t = R dc the value i? dc /6 is obtained as 
above). 
Take the undamped primary Q (written as Q u ) as being 100, and neglect the ad- 
ditional damping due to the plate resistance of Vj. Then the total damping resistance 
(R) required to obtain a primary Q of 42.8 is 

_ QvQoiL x _ 100 x 42.8 x 2v x 10.7 x 2.5 

R = Qu - Q = 100 - 42.8 

= 12,500 Q. 
From this 

12 500 x 16 600 
*' = 6600 - 12 500) = 50 600 £. 
To determine R 2 : The transformer secondary damping is given by 
R 3 = R t = R dc = 100 000 Q. 

(This follows because the damping across each half of the secondary is R s /2 and 
RJ2 respectively, and in each case there is a step up, due to the transformer being 
centre tapped, of 4 times. From this, across the whole of the transformer secondary 
there are two resistances 4jR 3 /2 and 4jR 4 /2 in parallel, and since R 3 = 2? 4 = R ie the 
above result is obtained immediately). 

The total damping resistance (i?') required to make Q 2 — Qi = 42.8 is 
R' = 12 500 x 1.77 = 22 100 Q. 

From this "** 

22100 x 100000 
^ == (100 000-22 100) - 28400 ^ 

The design of the limiter stage will be discussed in Chapter 29. 

(g) Some causes of discriminator unbalance will be mentioned, before leaving this 
section, and it is helpful to consider the circuit as a bridge in which unbalance has to be 
eliminated. Even when the transformer secondary is centre-tapped accurately, un- 
balance can occur because the capacitive coupling between the two halves of the second- 
ary winding and the primary winding is not necessarily equal. This calls for care in 
the method of arranging the windings. Two methods are in common use. The 
first uses a bifilar method with the two halves of the secondary wound side by side. 
The second method arranges the secondary into two halves, placed on either side of the 
primary winding, and the coupling of both sections, including that due to stray capacit- 
ances, is made equal. 

Capacitive unbalance will also occur when the input capacitances of the diodes 
are not equal. Suitable arrangement of stray capacitances can often be used to help 
in offsetting this effect. 

The use of a small capacitance connected across one of the diodes is helpful in re- 
ducing capacitive unbalance effects. 

Balancing of the conduction resistances of the two diode units is largely outside 
the control of the receiver designer, but variation in the value of R s and 2? 4 can be 
made to assist in cases where a very high degree of balance is thought to be necessary. 
Additional precautions of this nature are seldom carried out in commercial receivers. 

It should be noted in Fig. 27.17 that, if the resistors R 3 and R A are shunted by 
two separate capacitors, an additional series resistor or r-f choke will be required be- 
tween the junction of R 3 and R A and the centre tap on L 2 . Connecting the junction 
of R s and jR 4 through a by-pass capacitor to ground would also effectively short- 
circuit the i-f primary voltage to ground, if the additional component is not used. 
For most circuits the arrangement shown is applicable, since it requires a minimum 
of components consistent with satisfactory performance. The alternative arrangement 
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FIG.27I9 ALTERNATIVE ARRANGEMENT FOR PHASE DISCRIMINATOR. 



is shown in Fig. 27.19. The design procedure to be used is exactly as before, except 
that the primary circuit damping due to the diode circuits (the damping is actually 
across the r-f choke) will be approximately R de /4 instead of R dc /6 ; the secondary 
circuit damping is R de as previously, where R ae = jR 3 = R t . If a resistor is sub- 
stituted for the r-f choke then the circuit damping is again modified depending on 
the value of resistance used in the circuit. Considerations leading to the choice of 
a suitable value for the inductance of the r-f choke will be given in detail in Chapter 29 
Sect. 2, in connection with the discussion on a.f.c. discriminators. 

It is perhaps worth mentioning that hum due to heater-cathode leakage is some- 
times troublesome in discriminator circuits, particularlywith miniature diodes, and 
a simple and effective cure for this trouble is to make the cathode positive with respect 
to the heater. This can be readily effected, for example in Fig. 27.19, by connecting 
a 10 000 Q resistor by-passed by, say, a 0.01 ju.F mica capacitor between the earthy 
end of R A and ground ; the junction of R t and the 10 000 Q resistor is then connected 
to B+ via a series resistor whose value is selected so that about 10 to 15 volts appears 
across the 10 000 Q resistor (which now forms one arm of a voltage divider). In a 
typical case the series resistor would be about 0.16 M.Q for a B+ of 250 volts. 

(iv) Ratio detectors 
(A) General 

Many of the details given below, regarding ratio detectors, have been taken from 
Refs. 34, 35 and 36. Practical experience with several of the arrangements shown 
has confirmed much of the data given in the design sections. However, a number of 
additional factors will warrant discussion. 

The principle underlying many circuits for F-M detection is the peak rectification 
of two i-f voltages, the relative amplitudes of which are a function of frequency, to- 
gether with means for combining the rectified voltages in reversed polarity. The 
output is then equal to the difference between the two rectified voltages. This state- 
ment is directly applicable to the phase discriminator circuits of Figs. 27.17 and 27.19, 
the two i-f voltages being those applied to the diode plates, and the rectified voltages 
combined in reversed polarity being those which appear across the load resistors 
R 3 and R t . The way in which the two i-f voltages, applied to the diode plates, are 
dependent on the instantaneous intermediate frequency has been discussed in con- 
nection with Figs. 27.15 and 27.16. It was mentioned previously that, with the phase 
discriminator, changes in the magnitude of the input signal will give rise to amplitude 
changes in the resultant output voltage, and the need for some form of amplitude 
limiting was emphasized. 

In an attempt to eliminate the necessity for a limiter, a ratio type of detector has been 
developed from the basic phase discriminator circuit. In this modified circuit the 
rectified voltages are split into two parts in such a way that their ratio is proportional 
to the ratio of the instantaneous i-f voltages applied to the detector diodes, and the 
sum of the two rectified voltages is kept constant. It has been found in this type of 
circuit that the useful output voltage, which is proportional to the difference between 
the two rectified voltages developed by the diode detectors, tends to be independent 
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of amplitude variations superimposed on a frequency modulated voltage applied to 
the discriminator circuit input terminals. 

A basic ratio detector circuit is shown in Fig. 27.20(A). It can be seen that this is 
similar to the conventional phase discriminator but one of the diodes is reversed, and 
so the total voltage between the points P and N is equal to the sum of E x and E 2 . 
The sum of E x and E 2 is held constant by means of a battery or a large capacitance. 
This point will be further discussed as we proceed. The audio output voltage is 
taken from the junction of R 3 , R t and C 5 , C 7 and is equal to (E x — E 2 )/2. The 
voltage output with frequency change is seen from Fig. 27.20(B) to be similar to that 
for a conventional discriminator circuit. 

The sum voltage (E t + E 2 ) can be stabilized by using either a battery or by shunt- 
ing a large capacitance across the load resistors R 3 and R t . A battery would limit 
the operation in such a way that the input signal would need to be at least strong 
enough to overcome the fixed bias due to the battery voltage. A better solution is to 
use a capacitor, since the voltage across it will vary in proportion to the average signal 
amplitude and thus automatically adjust itself to the optimum operating level. This 
allows amplitude rejection to be secured for a wide range of input signal voltages, the 
lowest useful signal being determined by the ability of the diode rectifiers to conduct 
with small input voltages. 

When a capacitor is used to stabilize the rectified output voltage its capacitance 
must be sufficiently large so that the sum of £ x + E 2 cannot vary at an audio frequency 
rate. This calls for a time constant in the circuit made up from R 3 , R t and the 
additional capacitance C of about 0.2 seconds. The effects of C 5 and C 7 on the time 
constant can be neglected, since the value of the capacitance C will be of the order 
of microfarads (usually about 8/uF). 




1' 



E| + E 2 
(HELD , 
CONSTANT) 



1_ 




FIG.27-20 (A) BASIC CIRCUIT OF RATIO DETECTOR. 

'^B) TYPiCAL OUTPUT CURVE. 
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E, + E 2 



(a) constant normal input voltage e-e 

D STABILIZING CURRENT ^£=0 

k 2 DIODE CURRENT -i-d" R L ^ 

EFFECTIVE DIODE LOAD RESISTANCE— R3+R4 



(b)increase in input voltage e>e 

STABILIZING CURRENT ^ir*^ 

DIODE CURRENT -id£> r^-rY ' 

EFFECTIVE DIODE LOAD RESISTANCE<CR3 +R 4 

(c) DECREASE IN INPUT VOLTAGE t<JS. 
STABILIZING CURRENT ^£>0 

DIODE CURRENT -id<T ^'* 2 - 
^ R3+R4 

EFFECTIVE DIODE LOAD RESISTANCE^ R3+R4 



E,+ E 2 HELD CONSTANT AT VOLTAGE 
EQUAL TO RECTIFIED OUTPUT WHEN 

FIG.27-21 RATIO DETECTOR CIRCUIT SHOWING CONDITIONS FOR DIFFERENT SIGNAL 

INPUT VOLTAGES. 

It is worth noting that the a.v = c= voltages available from ratio detector circuits have 
values which are not always directly suitable for application to controlled stages. 
Some form of voltage divider arrangement is often necessary to obtain suitable volt- 
ages for securing the desired a.v.c. characteristic. 

(B) Operation 

A brief qualitative description of the operation of the ratio detector will be given 
here. A complete quantitative analysis has not been made, although many of the 
significant factors have been investigated (see Refs. 34, 35 and 36). 

Fig. 27.21 shows the same basic circuit as Fig. 27.20(A), rearranged in a more 
convenient form for discussion. The main details of operation are also indicated, 
and show what happens in the circuit when the amplitude of the signal input voltage 
changes. For the case (A) where the amplitude of the signal input voltage is con- 
stant, the stabilizing current is zero and the circuit has essentially the same output 
characteristic as a phase discriminator. When the signal amplitude increases (B), 
the average diode current also increases, and resultant direct current flows into the 
stabilizing voltage source (i.e. the battery is being charged). From this since E x + E 2 
remains constant, it is seen that the effective diode load resistance must decrease 
and so the primary and secondary circuits are more heavily damped than for the case 
(A) where the input voltage has a fixed value. The increased damping on the trans- 
former circuits will tend to offset the increase in the amplitude of the input voltage, 
and so the output voltage will also tend to be constant. 

Similarly, when the signal amplitude decreases — case (C) — the stabilizing voltage 
source supplies additional current (i.e. the battery is being discharged) to offset the 
reduction in diode current, so as to maintain E x + E 2 constant ; the effective diode 
load resistance is now increased, and so the circuit damping is reduced. 

From this it is seen that stabilizing the rectified voltage results in the equivalent 
load resistance varying in such a way as to offset changes in the amplitude of the signal 
input voltage. It also follows that there must be optimum circuit conditions which 
will allow the undesired amplitude variations to be offset most effectively (although 
these conditions are not necessarily the same for all input voltages). The conditions 
for obtaining the most satisfactory operation will be summarized below when dis- 
cussing the design of the ratio detector. 
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(C) Types of circuit 

There are two types of ratio detector circuit in common use. The first of these is 
the so called balanced circuit and is illustrated by Fig. 27.22. At first glance this 
does not seem to be the same as the basic circuit previously discussed. However, 
if the tertiary winding is considered as L x for the moment (its presence will be ex- 
plained presently), and it is taken that C 8 has a high reactance at audio frequencies 
and negligible reactance at i-f, then a simple re-arrangement of the circuit will show 
that it is the same as that of Figs. 27.20 and 27.21. Whether the junction of C 5 
and C 7 is connected to ground, as shown in Fig. 27.22, or C 8 is connected from the 
junction of C 5 and C 7 to the junction of R 3 and R A as would be expected (since C 8 
is part of the audio load circuit) is unimportant, as can be seen by redrawing the cir- 
cuit. C is the stabilizing capacitor. 




FlG.27-22 BALANCED TYPE OF RATIO DETECTOR CIRCUIT. 

The second type of circuit in common use is the unbalanced arrangement of Fig. 
27.23. The operation is similar to the balanced arrangement but it obviously cannot 
be redrawn directly into a balanced arrangement. The A-M rejection is the same 
whether the centre-tap of R 3 and R t or any point along the load is grounded, provided 
that the stabilizing capacitor can hold the voltage across its terminals constant. This 
condition is not easily met, however, at very low audio frequencies because very long 
time constants for the diode load circuit have undesirable effects when the receiver 
is being tuned. 

In general the balanced circuit will give better amplitude rejection at low frequencies 
than the unbalanced arrangement, when the time constants of the two circuits are the 
same. 

Additional advantages of the balanced ratio detector are that the ratio of a.v.c. 
voltage to audio voltage is comparable with that obtained in conventional A-M de- 
tector circuits, and also a voltage is available which is zero at the centre frequency 
and can be used for a.f.c. purposes if so desired. 

The presence of the tertiary winding in the discriminator transformer is readily 
understood when it is considered that it provides a simple method of tapping down 
on the transformer primary without the use of blocking capacitors and a choke, and 
at the same time allows the overall sensitivity of the detector to be increased by per- 
mitting a high primary circuit dynamic impedance. This is particularly helpful since 
the value of the total diode load resistance is generally small (usually less than 50 000 
ohms total). 

Because of the low value of load resistance it should be clear that high detection 
efficiencies are not easy to obtain, and so high perveance diodes are of considerable 
assistance in this regard because their internal impedance will be comparatively small. 
However, it is often found that high perveance diodes are more susceptible to hum 
pick-up than the medium perveance types and so are not necessarily the best choice 
in all circuits. 

Before leaving this section an additional point of interest will be discussed. In 
Fig. 27.24 are shown typical curves of output voltage against signal input voltage for 
a ratio detector. It can be seen from these curves that the output is not constant 
with input voltage for a given frequency deviation. This effect can be offset to a 
large extent by using the valve preceding the ratio "detector as a partial limiter. For 
weak signals the driver valve can be used as a straight voltage amplifier, but if a grid 
resistor and capacitor are included which have a fairly short time constant (say 10 
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microseconds or so) they can be used to derive a bias voltage for the grid of the valve 
when the signal exceeds some pre-determined level, and the valve can then be used 
to provide a degree of limiting. In this way the use of an additional valve is still 
avoided, since most ratio detectors operate satisfactorily with as little as 10 millivolts 
(or less) applied to the grid of the driver valve, but the advantages of additional am- 
plitude limiting can be obtained on strong signals. Of course, satisfactory results 
are obtainable with a ratio detector alone and the application of a.v.c. bias to the 
earlier stages is helpful but improvement is possible with the arrangement suggested, 
and with very little additional trouble. With the partial limiter arrangement a.v.c. 
is sometimes applied to the first i-f voltage amplifier, the a.v.c. bias being derived from 
the ratio detector circuit as indicated in Figs. 27.22 and 27.23. Some receiver manu- 
facturers do not use a.v.c. at all, but use suitable grid resistor-capacitor arrangements 
with both i-f valves to provide additional bias when the signal is sufficiently large. 
Some care is necessary with the limiter arrangements, since detuning of the i-f trans- 
former can have adverse effects particularly with some types of noise interference. 
This point received consideration in Chapter 26 when the design of the F-M i-f 
transformers was being discussed. 




FIG. 27.23 V 

Unbalanced 



Ratio Detecto 



— »■ SIGNAL AMPLITUDE — *■ 
FIG. 27.24 Typieol Input-Output Voltage Curves 
for Ratio Detector 



(D) Design considerations 

The data given below are quite general, but the circuit constants suggested are 
based on a centre frequency of about 10.7 Mc/s and a peak separation of approxi- 
mately 350 Kc/s. Most of the information which follows (with certain modifica- 
tions) is taken from Ref. 34, where a more detailed explanation is available. 
Diode characteristics 

Good ratio detector performance can be obtained with either high perveance diodes 
such as type 6AL5, or medium-perveance diodes such as type 6H6. 

The circuits used will differ with high and medium perveance diodes in the extent 
to which the rectified output voltage is held constant. They will also differ with 
respect to the compensation used to minimize the residual unbalanced component 
of amplitude modulation in the output. The unbalance is brought about by secondary 
transformer detuning effects caused by input reactance variations due to the diodes. 
The magnitude of the effect is generally less for diodes having lower perveance. 

Because the diode rectification efficiency, and hence the diode circuit loading, 
varies with signal level, optimum A-M rejection is obtained for a particular input 
voltage. The level at which optimum A-M rejection is obtained can be altered by 
varying the circuit constants, particularly the fraction of the total rectified voltage 
which is stabilized, or the ratio of secondary and tertiary voltages. 
Secondary inductance 

The secondary L/C ratio should be as high as possible consistent with circuit 
stability. This suggests capacitance values from 25-70 ppF. Also, the secondary 
<2 should be as high as possible, depending on the required peak separation. Suit- 
able Q values are 75 to 150, with the higher values giving improved sensitivity, for 
a given A-M rejection, but less peak separation. 
Load resistors 

The value R of the diode load resistors is generally selected to reduce the operating 
secondary circuit Q to a value of approximately one-fourth or less of its unloaded 
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value. Smaller values for R will increase the downward modulation handling capa- 
bilities of the detector, but will also reduce its sensitivity. 
Primary L/C ratio and Q 

The primary L/C ratio should be as large as possible to increase the sensitivity. 
The limiting factor is the maximum stable gain between the grid and plate of the ratio 
detector driver valve (i.e. the last i-f valve preceding the detector). When determin- 
ing the maximum gain it should be remembered that the gain may increase during 
downward amplitude modulation, particularly on either side of the centre frequency. 

If the primary Q is high enough so that the operating Q is determined mainly by 
the diode loading, the grid-plate gain will rise during the A-M cycle. This is advan- 
tageous since it increases the ability of the detector to reject downward modulation. 
The primary Q is made as high as possible consistent with peak separation and stable 
gain requirements. 
Coupling 

The value of coupling used, together with the number of turns in the tertiary wind- 
ing, is the principal factor in determining the ratio of the tertiary voltage to the half 
secondary voltage. This ratio should always be close to unity. The coupling is 
generally adjusted to half critical in the actual circuit, since the degree of coupling is 
dependent on the other circuit component values and these are selected before the 
coupling is finally set to the desired amount. 
Tertiary inductance 

The number of turns on the tertiary winding is adjusted so that the required ratio 
of tertiary voltage to half secondary voltage is obtained (see under Coupling). 
Reducing unbalanced A-M component 

There will always be some residual amplitude modulation in the detector output 
because of the variation in the effective diode input capacitance during the A-M cycle, 
and because of the unbalance introduced by the transformer and other circuit com- 
ponents. Several methods are useful in overcoming this effect. One is to vary the 
effective centre-tap on the secondary winding (this method is shown in Fig. 27.26) 
and another is to make the resistors R 3 and i? 4 shown in Fig. 27.25 unequal. In 
addition a resistor i? 5 is used in series with the tertiary winding (see Fig. 27.25) to 
modify the peak diode currents, which has the effect of appreciably reducing the un- 
balanced A-M component particularly at high input voltages. The methods using 
resistors to reduce unbalance also reduce the detector sensitivity. 

The reduction of unbalance effects is carried out by observing the condition for 
minimum A-M output when a signal which is simultaneously amplitude and frequency 
modulated is applied to the detector. 
Time constant of stabilizing voltage 

The discharge time constant of the stabilizing capacitance and the load resistance 
should be about 0.2 second. Larger time constants will give better amplitude re- 
jection when the undesired modulating frequency is low, but have undesirable effects 
on the tuning. The tuning effect is similar to that given by an ordinary A-M receiver 
when the a.v.c. time constant is too long. 

Experiments with the time constant of this circuit give some interesting effects. 
If the stabilizing capacitance is made very large, say 100 juF or so, and the receiver is 
tuned rapidly across a signal, it will be found that the point of maximum output is 
very easily determined, and there is no effect from the usual side responses. When 
the receiver is detuned the noise level rises, as the capacitor discharges, and the side 
responses again become evident until the receiver has been tuned once through the 
point of maximum output. 
Additional details 

It is not particularly easy to achieve a good balance with the ratio detector circuit, 
and usually more care is required in this respect than with the conventional phase 
discriminator. However, the better the balance obtained the better will be the 



Although the side responses are normally well down on the response at the main 
tuning point, with this type of circuit, considerable improvement has been noticed 
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when the bandwidth of the discriminator is fairly large (say 300 to 400 Kc/s) and the 
i-f response is such as to give steep sides to the overall selectivity curve. With re- 
ceivers using two i-f transformers (each critically-coupled and both having primary 
and secondary Q's of about 75) the side responses are still sufficiently large to be notice- 
able, although they are 12-15 db down on the main tuning position. Receivers using 
three transformers (each critically-coupled and having Q's of about 70) give a very 
marked improvement, and the two undesired side responses can only be found after 
careful searching. If the transformers are made more selective the side responses 
are reduced, but the additional non-linear distortion introduced by the tuned circuits 
may no longer be negligible, as can be determined from the data given in Chapter 26. 
Further, the amount of amplitude modulation on a carrier goes up as the selectivity 
of the transformers is increased, and this undesired A-M has to be removed by the 
ratio detector thereby reducing its effectiveness to other undesired external noise. 
Even in the case of the receiver with only two i-f transformers, the undesired side 
responses are very much less noticeable than with receivers using the usual limiter 
and discriminator combination 

(E) Practical circuits 

Two circuits which have been constructed and tested under working conditions 
are shown in Figs. 27.25 and 27.26. The intermediate frequency is 10.7 Mc/s 
Constructional details and performance data can be found in Refs. 34 and 37. 
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De-emphasis is obtained in the circuit of Fig. 27.26 by adjusting the value of the 
capacitor marked C A . The time constant (0.4 second) of the diode load circuit is 
about twice as long as that previously recommended for typical cases, but the per- 
formance is quite good, and, as suggested in Ref . 37, the individual designer can set 
the constants to suit his own requirements. 

The secondary winding for the circuit of Fig, 27.25 is a bifilar arrangement, while 
that of Fig. 27.26 has the secondary split into two sections placed on either side of 
the primary. In the latter case slug tuning is used for one half of the secondary so 
that the effective centre tap can be set to any desired position. 
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(F) Measurements on ratio detectors 
Primary and secondary Q's 

To measure the unloaded primary Q, the double diode valve is removed from its 
socket and the secondary is detuned. The primary Q is then determined by the 
selectivity of the primary tuned circuit. The loaded primary Q is measured in the 
same way but with the double-diode valve in the circuit. 

To measure the secondary Q the primary is heavily loaded by a shunt resistor. 
The secondary Q is then determined from the selectivity of the secondary winding 
as indicated by the rectified voltage variation with frequency. When measuring the 
unloaded secondary Q, the diode load resistance should be replaced by a resistance 
of about one megohm. When measuring the loaded secondary Q, the normal load 
resistors should be used. For these measurements the centre-tap of the secondary 
winding should be disconnected from the tertiary winding, to prevent the tertiary 
voltage from contributing to the rectified voltage. 
Coupling 

The percentage of critical-coupling can be measured by noting the change in prim- 
ary voltage as the secondary is varied from a tuned to a detuned condition. With all 
circuit conditions normal, and the signal input voltage set to the intermediate fre- 
quency, the primary voltage (E t ) is noted. With the same input signal level, the 
secondary is detuned so that the primary voltage rises to E 2 . The percentage of 
critical-coupling can then be expressed in terms of the ratio between the primary 
voltage with the secondary detuned and tuned using the relationship 

k 



Ie* 

V Ex 



K crit 

For example, if the signal voltage at the plate rises 25 per cent. (i.e. E z — 1.25 E t ) 
when the secondary is detuned, the coupling is 50 per cent of critical. 

The ratio between the secondary and tertiary voltages can be measured indirectly 
in terms of the rectified output voltage which is obtained (a) with the secondary tuned 
and (b) with the secondary detuned. In both cases the input signal is adjusted so 
that the primary voltage remains constant. If the ratio between the voltages read in 
(a) and (b) is r, that is if 

Rectified voltage (tuned secondary) 



5 



Rectified voltage (detuned secondary) 



then y =Vr* - 1 

where 5 = half secondary voltage at centre frequency 

P = " primary " (i.e. tertiary) voltage effective in the diode circuit at the 
centre frequency. 

The ratio S/P is usually made equal to unity. 
Signal generator 

It is convenient to have available a signal generator of good quality capable of 
being simultaneously frequency and amplitude modulated. Undesired amplitude 
and frequency modulation should not be present in the generator output. 
Alignment procedure 

The ratio detector may be aligned by using either an unmodulated signal set to 
the centre frequency and a d.c. vacuum-tube voltmeter, or by using a F-M signal 
generator and an oscillograph. 

If an unmodulated signal generator is used, the procedure is to set the signal to the 
intermediate frequency, and with the d.c. vacuum-tube voltmeter connected to measure 
the rectified output voltage (this is usually the a.v.c. take-off point), the primary 
tuning being adjusted for maximum voltage output. 

The procedure used for adjusting the secondary tuning depends upon whether the 
centre-tap of the stabilizing voltage is earthed or whether one end is earthed. If 
the centre-tap is earthed, the secondary tuning is adjusted so that the d.c. voltage at 
the audio take-off point is equal to zero ; the d.c. vacuum-tube voltmeter is shifted 
to the audio take-off point for this measurement. If the detector is of the unbalanced 
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type the secondary tuning is adjusted so that the d.c. voltage at the audio take-off 
point is equal to half the total rectified voltage. As an alternative an amplitude 
modulated signal can be used, the primary trimmer is adjusted for maximum d.c. 
output voltage and the secondary trimmer adjusted to give minimum audio output ; 
the residual output is measured in the conventional manner. Circuit unbalance is 
indicated if the two methods do not give the same secondary trimmer setting. 

If sweep alignment is used, the primary can be accurately aligned by using a com- 
paratively low deviation, and adjusting the primary trimmer for the maximum am- 
plitude of output voltage. The secondary may be adjusted by using a deviation such 
that the total frequency swing (twice the deviation) is equal to the peak separation. 
This procedure makes it possible to adjust the secondary tuning so that a symmetrical 
detector characteristic is obtained. 
Peak separation 

The separation between the peaks on the F-M output characteristic of a ratio de- 
tector may be measured by applying a frequency modulated signal and increasing the 
deviation until the response is just observed to flatten at the peaks. When this is 
done, the peak separation is equal to twice the deviation. 

If an attempt is made to measure the peak separation by plotting the output charac- 
teristic point by point, the peak separation obtained will usually be considerably less 
than that obtained under dynamic conditions with the output voltage stabilized. The 
F-M detector characteristic may be plotted point by point provided a battery of the 
proper voltage is connected across the stabilizing capacitor. The voltage of this 
battery must be equal to the rectified voltage which exists at the centre frequency. 
In practice it is convenient to use a 7.5 volt " C " battery and to adjust the signal 
input so that the capacitor-stabilized voltage at the centre frequency is equal to the 
battery voltage. 

It is worth noting that the peak separation is not constant for all values of input 
voltage, and measurements should be made for several representative voltages of the 
magnitude likely to be encountered under practical conditions of reception. The 
peak separation is wider for larger input voltages, as a result of the increased diode 
loading on the tuned circuits. Similarly the peak separation is less for smaller input 
voltages because of reduced circuit damping. 
Measurement of A-M rejection 

The measurement of A-M rejection can be carried out using a signal generator 
which can be simultaneously frequency and amplitude modulated. 

Ref. 34 shows a number of the typical wedge-shaped patterns which are obtained 
when visual methods are used for determining the amplitude modulation present 
in the audio output. A pattern of the type to be expected is shown in Fig. 27.27. 

The measurement of the A-M rejection 
of a ratio detector can be described in terms 
of the pattern obtained for a given frequency 
deviation and a given percentage of amplitude 
modulation. 

The measurements should be made for 
several different values of input voltage. 
Ideally the pattern obtained should be a 
diagonal line regardless of the presence of 
amplitude modulation. The amount by 
which the pattern departs from a straight 
line indicates the extent to which the de- 
tector fails to reject amplitude modulation. 
To measure A-M rejection with a genera- 
tor which can only be frequency modulated 
the procedure is as follows. A frequency 
F|G 2727 modulated signal fully deviated (±75 Kc/s 
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in the usual case) is applied, and a battery of which the voltage is equal to the rectified 
output is shunted across the stabilizing capacitor. The magnitude of the input 
signal is now reduced until the output becomes distorted as a result of the diodes 
being biased by the stabilizing voltage, and finally the F-M output drops to zero. 
The ratio between the initial input signal and the minimum input signal for which 
the F-M output becomes distorted is then a measure of the amount of downward 
modulation that the detector can reject. For example if the voltage ratio is r, then the 
percentage of downward amplitude modulation which can be handled is 100 (r — l)/r. 
To determine the rejection of the detector for upward amplitude modulation the 
same set-up is used and the change in output is noted as the input signal is increased. 
Since the amplitude of the input signal is not varied dynamically, this method will 
not indicate any unbalanced component which may be present in the output. The 
latter is more conveniently measured using simultaneous F-M and A-M as discussed 
previously. 

Another method which can be applied to measure the amplitude rejection pro- 
perties of any type of detector for different signal input voltages may be worth dis- 
cussing. The input signal is simultaneously frequency and amplitude modulated. 
Any audio modulating frequencies can be selected which are not harmonically related, 
and suitable values are say 400 c/s for F-M and 30 c/s for A-M. The percentage 
A-M can be taken as 30% (or any value desired) and the deviation as ± 22.5 Kc/s 
(or any othe^ value). The ratio of the desired and undesired audio outputs can then 
be measured on a frequency selective voltmeter such as a wave analyser. Measure- 
ments can be made at the centre frequency to indicate residual A-M, and for various 
frequencies off the centre frequency to determine the rejection capabilities of the 
detection system under operating conditions ; e.g. those which occur when oscillator 
and other frequency drift occurs. Low audio frequencies are preferable for this 
test (and also for the previous methods), particularly with ratio detectors, since the 
amplitude rejection is least for this condition. Tests on a number of ratio detectors 
have indicated similar performance when high audio modulating frequencies are 
used, but considerable variation occurs in the amount of amplitude rejection obtained 
for the lower audio frequencies using balanced and unbalanced circuits. This is 
readily understood when the function of the stabilizing capacitor is considered. 

Standard test procedures have been devised for F-M receivers, and standard methods 
for evaluating the degree of A-M rejection, downward modulation handling capability, 
and the effects of mistuning are described in Chapter 37. 

Non-linear distortion 

Distortion measurements are usually quite difficult to carry out with any degree of 
accuracy because of the inherent non-linear distortion present in the signal source 
and test equipment. Tests on typical F-M receivers using limiter-discriminator 
combinations and ratio detectors have been made, using the low power stages of a 
F-M broadcast transmitter as the signal source. The non-linear distortion in the 
transmitter signal was less than 0.5% for frequencies from 100 c/s to 15 Kc/s, and 
less than 1 % from 30 to 100 c/s ; the frequency deviation was set to ± 75 Kc/s in 
all cases. 

Both types of receiver indicated a measured overall distortion of the order of 2 to 
2.5% in the frequency range 100 c/s to 7.5 Kc/s, 3 to 5% at 50 c/s and 5% at 15 Kc/s 
although this latter case was a visual check only. Above 10 Kc/s the non-linear 
distortion with ratio detector receivers is generally somewhat higher than with limiter- 
discriminator receivers. The input in all cases was approximately 100 /xV and the 
output was adjusted to 0.5 watt. The test frequency was 97.2 Mc/s and the i-f of 
all receivers was 10.7 Mc/s. The measured distortion for the a-f amplifier alone was 
0.5% for the range 100 c/s to 7.5 Kc/s and 2% at 50 c/s ; above 7.5 Kc/s, observa- 
tion was made using an oscillograph and as there was no visible distortion it was as- 
sumed that distortion was less than 3%. 

The non-linear distortion is increased with ratio detector receivers when the magni- 
tude of the input voltage is made very large. With the other type of receiver the input 
signal must be sufficiently large to ensure satisfactory limiter operation. Receivers 
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using a combination of partial limiting and a ratio detector give excellent results for a 
wide range of signal input voltages, and do not require extra valves. 

The test conditions used are very severe, as it is unlikely that a 15 Kc/s audio signal 
will cause 75 Kc/s deviation ; although it should not be overlooked that pre-emphasis 
in the transmitter will cause a 15 Kc/s modulating signal to be increased in magnitude 
by about 17 db. Listening tests indicate that excellent results are obtainable with 
any of the receiver arrangements. It will be appreciated that the possibility of errors 
in the distortion measurements are very large, and the results are given to serve as an 
indication of the magnitude of the distortion to be expected with typical F-M receivers 
which do not include elaborate design features, but conform to good engineering 
practice. 



SECTION 3 : AUTOMATIC VOLUME CONTROL 

(i) Introduction («) Simple a.vx. (iii) Delayed a.v.c. (iv) Methods of feed 
(a) Series feed (b) Parallel feed (v) Typical circuits (vi) A.V.C. application (vii) 
Amplified a.v.c. (viii) Audio a.v.c. (ix) Modulation rise (x) A.V.C. with battery 
valves (xi) Special case with simple a.v.c. (xii) The a.v.c. filter and its time constants 
(xiii) A.V.C. characteristics (xiv) An improved form of a.v.c. characteristic (xv) 
Design methods. 

(i) Introduction 

Automatic volume control is a device which automatically varies the total ampli- 
fication of the signal in a radio receiver with changing strength of the received signal 
carrier wave. In practice the usual arrangement is to employ valves having " remote 
cut-off " or " variable-mu " grids and to apply to them a bias which is a function of 
the strength of the carrier. 

From the definition given, it would be correctly inferred that a more exact term to 
describe the system would be automatic gain control (a.g.c). The older term a.v.c. 
has been retained here as the name is not likely to lead to any confusion, and is widely 
used throughout the radio industry. 

(ii) Simple a. v.c. 

In order to obtain simple a.v.c. it is only necessary to add resistor i? 4 and capacitor 
C 4 to the ordinary diode detector circuit shown in Fig. 27.28. In any diode detector 
there is developed across the load resistor. (i?j and R 2 in series) a voltage which is 
proportional to the strength of the carrier voltage at the diode. The diode plate end 
of the load resistor is negative with respect to earth (Fig. 27.28) and therefore a nega- 
tive a.v.c. voltage is applied to the controlled grids. i? 4 and C 4 form a filter to remove 
the a-f component and any residual i-f and leave only the direct component of voltage. 

Since a capacitor in series with a 
resistor takes a finite time to charge 
or discharge, the a.v.c. filter circuit 
has a " time constant." The time 
constant of i? 4 and C 4 is equal to 
RiCi. For example, if i? 4 is 1 meg- 
ohm and C 4 is 0.25 microfarad the 
time constant will be 0.25 second. 
In this circuit the time constant is 
also influenced by Rx during charge 
and by R 2 during discharge, but since 
i?i is small compared with i? 4 it will be 
sufficiently close for practical purposes 
fig. 27.28 -*- to regard R t Ct as giving the time 
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constant during charge, and C 4 CR 4 + R z ) as the time constant during discharge. 
It is seen that the charge time constant is shorter than the discharge time constant. 
Time constants in a.v.c. circuits will be discussed in detail in (xii) below. 

For 100% rectification efficiency the a.v.c. voltage would equal the peak i-f voltage 
applied to the diode. Because of losses the a.v.c. voltage is always somewhat less 
than the peak carrier voltage (this is readily seen from Figs. 27.5 and 27.6), and since, 
in general, a higher voltage is required for the a.v.c. than for detection, this will be a 
limitation to the use of simple a.v.c. 

The design of the i-f transformer to couple the i-f voltage into the diode circuit is 

quite straightforward. The damping to be expected across the windings due to the 

diode circuits has already been discussed in Sect. l(i)Cc of this chapter. Methods 

of i-f transformer design are detailed in Chapter 26. 
* 

In the circuit of Fig. 27.28 the d.c. diode load consists of i? x and R 2 in series, R L 
being used in conjunction with capacitors C x and C 2 to form a filter to prevent the 
major part of the undesired i-f voltages from appearing across R 2 . The volume 
control is JR 2 in this circuit, and the advantages and disadvantages of using the control 
in this position were discussed in Sect. l(i)Dc above. At audio frequencies R z is 
shunted by i? 4 and by R 3 when the setting for R 2 is at the maximum. It follows that 
the diode load for a.c. is considerably different from that for d.c, and, as previously 
discussed in Sect. l(i), considerable non-linear distortion of the a-f output will result 
when the modulation percentage is high. R t and C 4 will substantially remove all 
audio frequency variations from the a.v.c. bias applied to the controlled stages, as well 
as any residual i-f voltages which may be present across R 2 . 

Fig. 27.28 shows R t connected to the junction of R t and R 2 , but in some cases R t 
is connected to the top of R t . This latter arrangement will give a slightly higher 
a.v.c. voltage, the amount depending on the size of R lt but the amount of i-f filtering 
for the controlled stages is reduced. With the usual component values it is not very 
important which arrangement is used. 

Owing to the effects of contact potential in the diode, together with rectification 
due to unavoidable noise voltages, there is a voltage developed across R a even with 
no carrier input. Even with a weak carrier input this voltage is increased. Conse- 
quently it will be seen that with the weakest carrier likely to be received there is an 
appreciable negative voltage applied to the controlled grids. If no means were taken 
to compensate for this, the overall sensitivity of the receiver would be decreased. 
Compensation for the initial standing bias, before a carrier is received, can be carried 
out by applying a lower minimum negative bias to the controlled stages. However, 
a very real disadvantage of simple a.v.c. is now apparent in that the sensitivity of the 
receiver may decrease as soon as a carrier is received. To overcome the loss in sensi- 
tivity on weak signals a delayed a.v.c. system is used and this gives very much improved 
control. 

A special case of the effects of contact potential with zero bias valves is worth noting 
before leaving this section. Suppose a negative bias voltage exists between the grids 
and cathodes of the controlled valves due to positive grid current. This current can 
be sufficiently large to cause an appreciable negative bias voltage to appear across the 
resistance common to the controlled stages and the detector, and so give rise to a 
negative bias voltage between plate and cathode of the diode. Under this condition, 
if simple a.v.c. is being used, there will be no output from the receiver until the signal 
is sufficiently large to overcome this delay bias on the detector. If a separate diode is 
used for a.v.c. the effect will be to increase the delay bias. Typical examples of the 
effect have occurred in practice with type 1P5-GT voltage amplifiers used in con- 
junction with the diode section of a type 1H5-GT. An obvious remedy is to apply a 
small positive bias voltage to the diode plate, but the grid current can often be ap- 
preciably reduced by increasing the screen voltage. 

(iii) Delayed a.v.c. 

The " delay m delayed a.v.c. reiers to voltage delay, not time delay. A delayed 
a.v.c. system is one which does not come into operation (i.e. it is delayed) until the 
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carrier strength reaches a pre-determined level. The result is that no a.v.c. voltage 
is applied to the grids of the controlled stages until a certain carrier strength is reached, 
and the receiver will have its maximum sensitivity for signals with an amplitude below 
this pre-determined level. 

The circuit used for delayed a.v.c. also makes possible improved rectification 
efficiency in the a.v.c. circuit, thus producing slightly greater a.v.c. voltage for the 
same peak diode voltage. This is due to the higher value of a.v.c. diode load resistance 
(R 7 in Fig. 27.29) permissible in this circuit. With the a.v.c. arrangement shown the 
a.c. loading on the detector circuit is reduced when compared with the arrangement of 
Fig. 27.28 and this reduces the distortion of the audio output voltage. Some non- 
linear distortion of the modulation envelope does occur at the primary of the trans- 
former but this is considerably less than that introduced when the a.v.c. voltage is 
obtained from the secondary circuit. In addition, the overall selectivity up to the 
primary of the i-f transformer is less than that at the secondary, and the a.v.c. will 
start to operate further from the carrier frequency than if fed from the secondary. 
The advantage here is that the tendency to give shrill reproduction is reduced as the 
receiver is detuned from a carrier. 
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Differential distortion, caused by variable damping of the a.v.c. diode input circuit, 
is frequently mentioned as an inherent disadvantage of delayed a.v.c. because of the 
distortion which is introduced when the diode bias line cuts the modulation envelope. 
Careful measurements have shown that the additional distortion occurring just as 
the a.v.c. diode starts to conduct is quite small provided that the delay voltage is 
small and the average depth of modulation is not large (say 50% or so). With a delay 
voltage (E D , Fig. 27.29) of 3 volts the total harmonic distortion was found to increase 
from an average level of about 2.5% to a peak of 4%. Not only is the amount of 
distortion fairly small, with the usual depth of modulation, but it only occurs over a 
limited range of input signals, which, with a small delay voltage such as 3 volts or 
less, occurs at such weak signal strengths as to be relatively unimportant. However 
with 100% modulation this type of distortion will always occur. Of course, when the 
input voltage is too small for the a.v.c. diode to conduct there is no distortion. From 
the evidence available, it appears that the effect of differential distortion is a com- 
paratively minor one when the circuit is correcdy designed, and a small delay voltage 
is used. Detailed discussion of the distortion produced by delayed a.v.c. can be 
found in Refs. 44 (p. 189) and 46. 

If it is desired to apply full a.v.c. voltage to certain controlled stages and a fractional 
part only to another stage, this may be done by tapping R 7 at a suitable point and by 
adding a filter circuit similar to that made up from R t and C 4 . 

Staggering* of the a.v.c. is sometimes advantageous, as a considerable improvement 
in signal-to-noise ratio is often possible by controlling mainly the i-f amplifier valves. 

•By staggering ofthea.v.c. is meant the application of different values of a.v.c. voltage to various stages. 
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However, in some cases this leads to difficulties with cross modulation. When cross 
modulation is a serious problem it is preferable to control the r-f amplifier valves 
fully. Often no great care is taken with broadcast receivers in the method of applying 
a.v.c. With high quality communications receivers precautions are necessary, and 
it is helpful if the r-f and i-f valves to be controlled by a.v.c. can be selected by the 
operator. In this way optimum performance can be obtained under all conditions. 
The usual arrangement, however, is to design an a.v.c. system with compromise 
characteristics and fit manual switching for the selection of suitable time constants. 
The signal-to-noise ratio of the receiver should be measured when the a.v.c. charac- 
teristic is being determined, to ensure that the performance of the receiver is not 
seriously impaired when the signal input voltage is increased. Cross modulation 
tests are also necessary when the receiver performance is being determined. Further 
discussion of these problems can be found in Ref. 43 (pages 169 and 179). A dual 
a.v.c. system which has interesting possibilities is described in Ref. 50. Further dis- 
cussion on a.v.c. and noise is given in Chapter 35 Sect. 3(i). 

When a duo-diode triode (or pentode) valve is used with cathode bias, the value of 
the bias is usually between 2 and 3 volts. Such a voltage is suitable for use as a.v.c. 
delay bias ; a very simple arrangement is possible by returning R 7 to earth as shown 
in Fig. 27.34. Alteration of the delay bias because of the presence of contact potentials 
must be considered, and this effect has already been discussed in (ii) above. 

A circuit which eliminates differential distortion, even with large delay voltages 
and high modulation levels, is shown in Fig. 27.38B. Signal detection and a.v.c. 
detection are carried out as before, but a diode, D 3 , and the three resistors R s , R 9 
and R 10 are also used. R» and R 10 form a voltage divider from B+ to ground, the 
junction of these resistors and R a having a potential of, say, +50 volts. Typical 
values for R t and R 8 could be 1 megohm and 5 megohms respectively, and it will be 
seen that R t and R 8 form a voltage divider between +50 volts and the source of 
a.v.c. potential. 

The operation of the circuit can be explained most simply if the diode D 3 is ignored 
initially. Under these conditions, with no signal input to the receiver, point X will 
be practically at ground potential since there will be no i-f input to the diode D 2 and 
the voltage at Y will be approximately 

TO 

+ 50 X = — ~-^ = + 8-1/3 volts. 

Now as an increasing signal is applied to the input of the receiver, the available a.v.c. 
voltage at X will increase, and when this voltage reaches — 10 volts, the potential across 
the voltage divider R t R a will be 50 — ( — 10) volts, and the potential at Y will be 

-10 + (50 + 10) ^—-—^- = volts. 
•^4 -r -K 8 

A still larger voltage of —40 volts at X will give at Y 

R t 

-40 + (50 + 40) =— ■*■-= = -25 volts 

K 4 + Kg 

Thus in the absence of the diode D 3 , point Y would have a potential with respect 
to ground which was positive in the absence of a signal and became less positive, zero 
and then more negative progressively as the signal input increased. 

However the diode D 3 modifies this voltage variation by conducting whenever 
point Y tends to become positive. The result is that under no signal and small signal 
conditions point Y, from which a.v.c. is applied, is substantially at ground potential 
but as the signal input increases above some critical value, Y becomes progressively 
more negative. Thus the requirements of delayed a.v.c. have been met, although 
the loading of the diode D 2 on the primary tuned circuit is near enough to being con- 
stant whether a.v.c. is being applied or not. 

After the delay has been overcome, the increase in negative potential at Y is not so 
rapid as the increase at X, the ratio being the same as that of the voltage divider formed 
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by i? 4 and R s . However by using a large value of resistance for R s and a high positive 
voltage the ratio can be made as close to unity as required by any practical considera- 
tions. 

The cost of the resistors R 9 and R 10 can often be avoided by using a source such 
as the screen of a valve which has no a.v.c. applied, or a voltage divider used for some 
other purpose, for the positive potential. To save the cost of a valve having an ad- 
ditional diode for D 3 it is quite possible to use the signal diode £>! as the source of 
a.v.c. voltages, and £> 2 as the " sinking " diode. Alternatively D ± and Z) 2 can be used 
as in Fig. 27.38B and the suppressor grid of say the i-f amplifier can be used as D 3) 
although in this case with no signal applied the a.v.c. line will take up the potential 
of the cathode of the i-f valve. 

This method of providing delay either to the first stages or to all controlled stages 
of a receiver is of course equally applicable whether manual or automatic volume 
control is used 

(iv) Methods of feed 

The a.v.c. voltage may be fed through the secondary of the r.f. transformer to the 
grid of the valve (sometimes called " Series Feed ") or directly to the grid (some- 
times called " Shunt or Parallel Feed "). In the latter case it is necessary to use a 
blocking capacitor between the top of the tuned circuit and the grid to avoid short- 
circuiting the a.v.c. voltage to ground through the comparatively low resistance of 
the tuned-circuit inductor. Actually the second term is a misnomer, since either 
circuit arrangement leads to the r-f and d.c. bias voltages being applied, effectively, 
in series with one another between grid and cathode of the controlled valve. This 
may not be immediately obvious in the case of so called " parallel feed," but can be 
readily seen by drawing an equivalent circuit consisting of a r-f voltage generator in 
series with a capacitor and in parallel with these a resistor in series with a battery. 
The capacitor charges to some value q because of the battery, and the r-f voltage due 
to the generator then acts in series with the resultant voltage across the capacitor, 
varying the total charge and consequently the voltage across the output terminals 
of the circuit, 

It should be noted that the terms " Series Feed " and " Parallel Feed " have no 
bearing on the type of a.v.c. filter circuit, which may be series, parallel or a com- 
bination of both. The two types of a.v.c. feed circuits will now be considered in 
greater detail. 




TO R+ 



, , „ . «. , FIG - 27 - 30 
(a) Series feed 

One arrangement of series feed is shown in Fig. 27.30. It will be seen that in 
each r-f tuned circuit a blocking capacitor (C 5 , C 6 ) is used so that the rotor of the 
ganged tuning capacitors may be earthed and the a.v.c. voltage fed to the lower ends 
of the coils. In the r-f stages the use of this blocking capacitor will reduce the fre- 
quency coverage, and may also affect the tracking of the tuned circuits. To reduce 
these effects the same capacitance value should be used in each of the i-f stages, and the 
value selected should be fairly large consistent with other considerations. Also, if the 
capacitors are not to affect the Q of the tuned circuits adversely, they must be of a 
low loss type. A disadvantage of a high capacitance is that it increases the time con- 
stant of the a.v.c. circuit. 

For typical cases C 5 and C 6 would be about 0.05 pF if the maximum capacitance 
of the tuning capacitor is about 400 /x/iF. The effect on the tuning range is easily 
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determined by considering the reduction in total capacitance due to the capacitors 
being connected in series. Resistors i? 5 and R 6 are used in conjunction with the 
capacitors to provide decoupling between the various stages ; typical resistance values 
are 100 000 ohms. 

Since the tuning capacitors in i-f transformers need not be connected direcdy to 
earth, blocking capacitors are not necessaiy. In these circuits the capacitor C 4 
(Fig. 27.29) serves to by-pass all high-frequency components of current from the 
earthy sides of the secondaries of the tuned circuits of the i.f stages to earth, as well as 
being part of the a.v.c. filter. 




FIG. 27.31 



With the r.f. stages an alternative arrangement is to insulate the rotor of the ganged 
capacitors, and to by-pass it to earth by a single capacitor (C 6 , Fig. 27.31). This 
enables the a.v.c. voltage to be applied without using any blocking capacitors in the 
r-f tuned circuits, and has the further advantage that the time constant of the a.v.c. 
circuit may be made small. The arrangement also has obvious disadvantages and is 
little used, 
(b) Parallel feed 

The " parallel (or shunt) feed " circuit is shown in Fig. 27.32. In this arrangement 
a blocking capacitor is necessary to prevent a low resistance d,c. path being formed 
from grid to earth by the tuning inductor. The resistors i? 8 , R 9 and i? 16 provide part 
of the d.c. path from the valve grids back to the cathodes. Since the individual resis- 
tors are shunted across their corresponding tuned circuits, the values selected must not 
be too low as otherwise appreciable damping occurs. A 0.5 megohm resistance in 
parallel with a typical r-f tuned circuit generally is not serious, but could appreciably 
reduce the dynamic resistance of an i-f circuit. For these reasons " parallel feed " 
is sometimes used with r-f stages, but it is seldom applied to i-f stages, and receivers 
are often designed to use both systems of a.v.c. feed. 



: 0g0ff$ 



TO B* 



" Parallel feed " for the r-f stages is sometimes more convenient than " series feed," 
and appears to be satisfactory in most respects, although it has been found that grid 
blocking is more likely to occur with " parallel feed " than with " series feed." 

With any method of feed it is important that the total resistance in the grid circuit 
should not exceed the maximum for which the valves are rated. Depending on the 
characteristics of the particular valve type and the effects on electrode dissipations 
and total cathode current, as determined by equation (6) on page 82, the 
following maximum values of grid resistor may be used as a general guide. 



For one controlled stage 
For two controlled stages 
For three controlled stages 



3 megohms 
2.5 megohms 
2 megohms 
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These resistances are to be measured between the grid of any valve and its cathode. 

The values above assume that the receiver is normally tuned to a station and that 
the controlled valve or valves are operating at reduced cathode currents and trans- 
conductance, as determined by the a.v.c. bias. 

(v) Typical circuits 

A typical circuit of a simple a.v.c. system, with three controlled stages, is shown in 
Fig. 27.33. In order to provide the simplest arrangement the cathode of the duo- 
diode valve is earthed and grid bias is obtained for the triode section by the grid leak 
method using a resistor of 10 megohms. This method of biasing reduces the a.c. 
shunting across the diode load resistor. The cathodes of the controlled stages are 
normally returned to a point of positive voltage to ensure that the recommended nega- 
tive grid bias is obtained for conditions where the input signal is very small ; cathode 
bias is the usual arrangement. 




DUO-DIODE HK5H-MU TRIODE 



R^rt^n 



(l.F-455 Kc/!s) 




+ 8IAS 



£— - -OOSjjF 
B+ > IOO(iM F 
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2SMft ? IOOuuF 
■^-i A/VW ■ i [£- 



The circuit values shown are typical for an intermediate frequency of 455 Kc/s. 
An a.v.c. resistor of 1.25 megohms is used so that the total resistance to earth from 
any grid does not exceed 2 megohms. If there were only two controlled stages this 
could be increased to about 1 .75 megohms with a consequent decrease in the a.c. 
shunting. 

A typical delayed a.v.c. circuit is shown in Figs. 27. 34. Cathode biasing is used 
for the pentode section of the duo-diode pentode valve, and since the bias will usually 
be about two or three volts this also provides a suitable a.v.c. delay voltage without 
any further complication. With circuits using delay voltages on the a.v.c. diode the 
bias due to automatic volume control on the controlled valves is zero until the peak 
voltage on the diode exceeds the delay voltage. The controlled stages are arranged 
to have a self-bias voltage equal to the recommended minimum grid-bias voltage. 



(vi) A.V.C. application 

Automatic volume control is normally 
applied to the converter on the A-M broad- 
cast band, irrespective of valve type. On 
the short-wave band some types of con- 
verters give very satisfactory operation with 
an a.v.c. bias voltage applied to the signal 
grid, while others introduce difficulties be- 
cause of the appreciable shift in oscillator 
frequency caused by the changing signal 
grid bias. When no r-f stage is used it is 
often necessary to apply a.v.c. to the con- 
verter, but when a r-f stage is incorporated 




+--£— 



FIG. 27.34 
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it is frequently advantageous to operate valve types 1A7-GT, 1C7-G, 6A8, 6D8-G 
on fixed bias. Valve types 6J8-G, 6K8, 6BE6, 6SA7 and all triode hexodes may 
be used with a.v.c. on A-M broadcast and short wave bands*. For receivers operating 
in the 88-108 Mc/s F-M broadcast band, a.v.c. bias is not applied to the signal grid of 
the converter valve ; very often on this band fixed bias is used for the r-f stage, and 
a.v.c. is applied to the i-f stages only. Whether a.v.c. is used at all with these receivers 
often depends largely on the type of detector, but it is advisable to avoid overloading 
of the early stages so as to reduce the possibility of the generation of undesired spurious 
responses ; this often calls for a.v.c. bias to be applied to the r-f stage. 

Some oscillator frequency shift occurs with all types of converters when the signal 
grid bias is altered. With valve types such as the 6A8 operating on the short wave 
band the reception of a fading signal is difficult since the variations caused by a.v.c. 
bias may cause the signal to swing in and out of the pass band of the receiver. An 
even greater difficulty occurs when the receiver is being tuned to a strong signal, 
since the magnitude of the output will be different when tuning in from either the 
high frequency or the low frequency side of the signal. Very careful adjustment is 
required to obtain the best tuning position. A rather similar effect has been noticed 
on both the broadcast and short-wave bands, but in this case the effect is generally 
due to faulty gang wipers. When this is the cause it can occur with any type of 
receiver (t.r.f. or superheterodyne), but with superheterodynes the oscillator section 
of the ganged capacitor should be checked first, as this is generally the one causing 
most of the difficulty. 

With ordinary broadcast receivers having a r-f stage, converter, and a single i-f 
stage, automatic volume control is normally applied to all three stages. If decreased 
modulation rise is required it is preferable to operate the i-f stage with about one-half 
of the full a.v.c. bias or, alternatively, to supply the screen voltage by means of a series 
resistor ; the latter arrangement is the more usual one in practice. Negligible modu- 
lation rise is possible, with effective a.v.c. action, if all control is omitted from the 
i-f stage, but difficulties such as those due to decreased signal-to-noise ratio must 
not to be overlooked when this system of a.v.c. is used on a number of tuning ranges 
(see (iii) above). 

In a receiver without a r-f stage it is difficult to avoid overloading with large input 
signals, and a.v.c. is applied to both stages even though modulation rise may be 
objectionable with very high inputs. In order to obtain maximum control the screen 
voltage for the i-f valve should be obtained from a voltage divider. The degree of 
control must, however, be weighed against the possibility of non-linear distortion ; 
this factor has already been discussed in Chapter 26 in connection with distortion in 
i-f amplifiers. 

For a receiver having two i-f stages the second stage should preferably be operated 
at fixed bias in order to prevent modulation rise. It is possible that better overall 
performance at high input signal levels will be obtained when the second i-f stage is 
operated at a negative bias somewhat greater than the minimum bias. Removal 
of control from the last i-f valve will often reduce the possibility of overloading this 
stage, although this is not always a good solution as will be discussed in (xv) below. 

(vii) Amplified a.v.c. 

There are a number of methods available whereby the a.v.c. voltage to be applied 
to the controlled stages can be amplified, either before or after rectification. 

(a) One or more stages of amplification may be used to form an a.v.c. amplifier 
channel operating in parallel with the signal channel, and having a separate diode 
rectifier. If the total gain of the a.v.c. amplifier channel is greater than the total 
gain of the equivalent section of the signal channel, there is effectively a system of 
amplified a.v.c. This is more effective than the usual arrangement with a single 
channel, since it retains the full amplification of the a.v.c. channel under all conditions. 
It also has advantages in flexibility due to the isolation of the two channels, and the 
a.v.c. channel may be designed to have any desired selectivity characteristics. 

*See also Chapter 25 Sect. 2 pages 990-1001. 
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(b) If a common i-f channel is used, it 
is possible to add a further i-f stage with 
fixed bias for a.v.c. only, followed by a 
separate a.v.c. rectifier. By this means 
it is possible to avoid the distortion due 
to shunting of the diode load resistor, or 
to " differential loading " at a point 
where the a.v.c. delay is just being over- 
come. 

(c) A d.c. amplifier may be used to 
amplify the voltages developed at the 
rectifier. A typical circuit arrangement 
giving d.c. amplified a.v.c. is shown in 
Fig. 27.35. Design methods are given 
in Refs. 44 and 45. 




FIG. 27.35 

_. D — 

Circuit Arronqcmcnr for Obtaining D.C. Amplified A.V.C 



See also Fig. 27.43 and the description given in Sect. 4(ii) later in this chapter. 

(viii) Audio a.v.c. 

Audio a.v.c. is sometimes used in radio receivers in conjunction with a.v.c. applied 
to the r-f and i-f stages to flatten out the overall a.v.c. characteristic. Whole or part 
of the a.v.c. bias voltage is applied to an audio frequency voltage amplifier valve 
having a grid with a variable-mu characteristic. 

It should be clear that conventional a.v.c. systems cannot give a perfectly constant 
a-f output with a varying input voltage, because conventional a.v.c. is a " back-acting " 
device in which the effect on the controlled stages must follow the change occurring 
at a later stage in the receiver. Audio a.v.c. is " forward-acting " and so a constant 
or even a drooping characteristic is possible for increasing signal input voltages. 
Simple audio a.v.c. systems tend to introduce a considerable amount of non-linear 
distortion into the audio output voltage when the signal input voltage is large. This 
is due to the curvature of the g m — e a characteristic of the controlled valve. 

The amount of distortion can be reduced to negligible proportions by the use of 
elaborate circuits, but as these systems generally require an additional a-f amplifier 
valve they are not used to any extent in commercial radio receivers. 

If it is decided that audio a.v.c. is desirable, the usual procedure is to obtain the 
best possible a.v.c. characteristic, apart from the a-f amplifier, and then to add just 

















III / 




T 
























'II / 




























»j 




' 




















, 


fiffl 


























,* 




























#/ 




























,oy 


























■*/ 


















j 






u. *^ 










































° 




















_L_ 


























1 














t 






i-AUDIO A.V.C., DtLAY— 3V 










\ 




J- ■—— 


— — • 


TTTII 1 1 1 


TT 








- 




L^^*? 






Ml 


-9V, 








r ■ 




10 


; 




i 


I- i- 


dej£L: 






















j 










/ 




^-v* 












1 


1 




i /! 


! 1 Z*--^ 


'T 2 " 












1 I j 


i 
























1 / ' 


hi / ; (r ^Jfi 




\&- 




















Jktf 










1 ; ■ 


s 




/ 




#$>- 












' ' I ; ; 








ijr ■v'v 














1 . ! 


f M 






<H yr ' 










j 




' : ! 




—30 




1 / 


\\r ' 














1 ; 


'; 


















; 




■ ' 




















1 




' ! 


! . 






'JT>\ 


' ■' 














i 


h 




^r : . i 




1 




III 




^ 


V 


in. . I 





•OI5 | 

o 



FIG. 27.36 



IO 
MICROVOLTS 



1114 



(viii) AUDIO A.V.C. 



27.3 



+40db 












1 #Al* 


; 




Ill 




-Tf 




4ffl' 














J .&/ -- 






















1 






w 








HI 




















4 c?>C 












1 












i 




pr~ 












i 




r'^iM 


+3000 






i i 


i ' > 










K£# 




mi 












1 


i r 
























! 1 


/ 






u 


—rTt 








4--X 








^~tr 


/i 






■\ — 


TTTi mi i 

A.V.C 0ELAY«-3 


it 




31,4 


+ 20db 






! 


/ 








v S 




4-j" 






I 


1 / ^ 






rrm— -] 




"Tfn— — 


— T-r 


tS 


! i 








1 


1 /^^" 


~\-~^ 


"• T 




-1-1! 




IL 














\ f ' 




i 






ii: 




1 j 




4+^3 










■ f 


1 


- :. 




ll .. ... 




! 




■ — H^*+* 


O +10db 








! ' 


; 








1 




1 


~ 








1 i i 


/ ; 


i 


: 


■ : 




lit 




! 




! M i ] ! 












'■ 






! 




T " 






■ I ! 1 ! Ii 


**» 










■ 


. 








i 






j ; I ,u 


v^ 




T 


j i 










i 














■ 


1 






*V- 










1 ii 








" 




i 




1 




! 




I 








-1--T 


















-ifl 




o 






*""i 










jl 








-it} 




, 


° 


J--4-' 




r^Ik 


1 ! 






f — " 


















... s s 
























n\_ 
















yJ(\ 






— — j-- 


\ 




■N 


*V> 


ll 












<•' i : 










1 


4- C 


t~ s 






1 








*S --U- 








II 


- 


-| 


It ^ 







.ii"- =i ' 










-20<lb 


i 




'■■ 








_..! 



FIG. 27.37 



io io 

input — microvolts 



enough a.v.c. bias voltage to the a-f amplifier to give the required overall results. 
The improvement in the overall a.v.c. characteristics, when audio a.v.c. is used, can 
be seen from Figs. 27.36 and 27.37. 

An example of combined a.v.c. occurs in receivers using a reflexed voltage amplifier 
stage (see Chapter 28). In this case the a.v.c. bias voltage applied to the valve control 
grid is effective in controlling both the i-f and a-f gain, and if properly used the system 
can be made to assist very materially in obtaining good a.v.c. characteristics from a 
receiver having only one other controlled stage, namely the converter stage in the usual 
receiver. Another example of a circuit using audio a.v.c. is shown in Fig. 27.45. 

(ix) Modulation rise 

When a modulated carrier voltage is applied to a voltage amplifier stage in which 
the valve has a curved g m — e e characteristic, the modulation percentage will increase. 
This modulation rise is noted in the output as audio frequency harmonic distortion 
(non-linear distortion), mainly second harmonic. Practically all of the modulation 
rise occurs in the final i-f stage. 20% modulation rise is equivalent approximately 
to 5% second harmonic. Modulation rise with fixed bias is extremely small even 
with remote cut-off valves, but there is a slight advantage in using a valve having a 
sharp cut-off characteristic. Modulation rise may be decreased by operating the 
i-f stage on a fraction of the a.v.c. voltage, but this adds to the expense of the receiver. 
Alternatively, a noticeable improvement may be made by supplying the screen from 
a series dropping resistor connected to B+. This is recommended for circuits 
having one r-f and one i-f stage. Modulation rise can sometimes be reduced by 
increasing the gain from the grid of the final i-f valve to the a.v.c. diode. Improving 
the amount of control on the earlier stages by reducing the screen voltage (this pro- 
vides cut-off with lower grid voltages) will help in reducing modulation rise, but is 
likely to lead to difficulties with cross modulation when the receiver is used in close 
proximity to a powerful transmitter. 

(x) A.V.C. with battery valves 

When battery valves operating at zero bias are used, it is possible to obtain delayed 
a.v.c. by incorporating a duo-diode-triode or duo-diode-pentode valve having a diode 
plate situated at each end of the filament. A delay of between 1 and 2 volts (depend- 
ing on the filament voltage) is obtainable by this means, and makes a very simple and 
satisfactory arrangement. The diode at the positive end of the filament is used for 
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a.v.c. and its return is taken to filament negative. The diode at the negative end of 
the filament is used for detection and its return is taken to filament positive. 

It sometimes happens that the filaments of battery valves are operated in series or 
series-parallel arrangements. Under these conditions it becomes more difficult to 
design an efficient a.v.c. system than when parallel filament operation is used. In 
the usual type of a.v.c. circuit the grid returns from the several controlled stages are 
brought to a common point, and the zero signal grid voltage on these stages is the same. 
With series or series-parallel operation however, the filament voltages differ with 
the result that the zero signal bias on one or more stages may differ from zero by a 
multiple of the filament voltage. Circuit arrangements which allow the bias on the 
grids to be zero for no signal input generally allow only a reduced proportion of the 
a.v.c. voltage developed by the diode to be applied to some of the controlled stages ; 
full a v.c. bias can only be applied to one or two stages in most cases. Fig. 27.38A 
shows a typical circuit arrangement for the case where the filaments are connected 
in series and operated from the H.T. supply. The a.v.c. voltage divider is made up 
from the resistors R Si R 9 , R 10 and R n . A value of about 2 megohms is usual for 
R 10 while -R u is made about 2 megohms per 1.3 volt drop, in the case of 1 .4 volt valves 
(which are operated with 1.3 volts as a recommended value for the series filament 
connection). In the circuit shown a higher proportion of the a.v.c. control voltage is 
applied to valve V z than to valve V s . The purpose of the resistors R-,, R 2 , R 3 , R A 
and R 5 is to allow the correct filament voltage to be applied to each of the valves, since 
it should be obvious that the valve V ls at the negative end of the chain, carries the 
total cathode current for all the valves, and each of the other valves carries the cathode 
currents for all the other valves which are nearer to the positive end of the chain than 
the valve being considered. This statement is modified when R s is used, because 
this provides an alternative path for the cathode currents. From this it follows that 
no shunting resistor is required for V 5 



(IQ5-GT) (lA7-GT) 



(IP5-GT) (IP5-GT) (IH5-OT) 




Ri — Filament dropping resistor 

R 2 R 3 R 4 R 7 "Cathode current" ihuntlno resistors 

Rj Filament current shunrinq resistor 

R & Bias resistor 

Ra Diode load 

R, A.V.C. filter resistor 

FIG. 27.38A R||R,o Avc - S ri <* b'«" rttittw 



(xi) Special case with simple a.v.c. 

If a simple a.v.c. circuit, such as that shown "in Fig. 27.28, is used in conjunction 
with a diode-pentode (or triode) operating with cathode bias, the diode load return 
will be two or three volts above earth. It is necessary, in this case, to provide addi- 
tional negative bias voltage on the controlled stages if the correct minimum bias 
voltage is to appear between grid and cathode in each case. 

(xii) The a.v.c. filter and its time constants 

There are several reasons why filter circuits, such as those shown in Fig. 27.33, are 
required. One important reason is to prevent r-f and a-f voltages which appear 



1116 (xii) THE A.V.C. FILTER AND ITS TIME CONSTANTS 27.3 

across the a,v.c. diode load from being applied back to the grids of the controlled stages. 
If r-f or i-f voltages are applied back to the grids then instability troubles are certain 
to arise. A-F applied to the grids can lead to a reduction in the percentage of modu- 
lation present on the carrier. Inter-stage filtering is also necessary because undesired 
coupling can lead to instability and spurious whistle responses. From this it can be 
seen that the prime function of the filter circuits is to allow only the d.c. voltage de- 
veloped across the diode load to be applied as additional bias on the controlled valves. 
The components making up the filter also serve the necessary function of completing 
the r-f and i-f circuits through low impedance paths and, furthermore, the resistors 
serve to complete the d.c. return path between grid and cathode of each controlled 
valve so that the correct negative bias voltage can be applied. 

It is not permissible to choose values of resistance and capacitance at random if 
satisfactory circuit operation is to be obtained. Several conflicting factors must be 
considered when the component values are being selected. The time constant (de- 
fined below) of the filter network, must be low enough so that the a.v.c. bias voltage 
can follow the changes in signal input voltage with sufficient rapidity to offset the 
effects of fading. Limiting values for the total circuit resistance have been stated in 
(iv) above, and the choice of suitable values for R and C will be discussed as we pro- 
ceed, but first the expression " time constant " will be defined. 

The " time constant " of a resistance-capacitance network is the time in seconds 
required for the capacitor to acquire sufficient charge for the voltage between its plates 
to be equal to 63.2% of the total voltage applied to the circuit. Alternatively, it is 
the time taken for a charged capacitor to lose sufficient charge for the voltage across 
its plates to fall to 36.8% of the initial voltage existing between the plates in the fully 
charged condition. It is a simple matter to show that, for the conditions stated, the 
time constant (T) is given by 

T = RC seconds 
where R = circuit resistance in ohms 
and C " = circuit capacitance in farads. 
(It is usually more convenient to write 

T = resistance in megohms x capacitance in microfarads = seconds). 
If the total resistance in the circuit is altered in any way from its value during the 
charging operation to a different value during the discharge of the capacitor, then it is 
helpful to use the terms " charge time constant " and " discharge time constant." 
In a.v.c. circuits there is always a difference between the charge and discharge time 
constants, because during charge the diode is conducting and its conduction resistance 
effectively short-circuits the d.c. diode load resistor. This also means that the " charge 
time constant " is always more rapid than the " discharge time constant " in these 
circuits. 

Suitable values for " charge time constants " are 
Broadcast good fidelity receivers 0.25 to 0.5 second 

Broadcast receivers 0.1 to 0.3 second 

Dual wave or multi-band receivers 0.1 to 0.2 second 

For the reception of telegraphy longer time constants are often required to ensure 
silence between signals, and a value of about 1 second is often used. In any good 
quality communications receiver it is usual to provide facilities for selecting any one 
of a number of a.v.c. time constants. This enables the operator to select the most 
suitable condition to offset the particular type of fading being encountered. Too 
rapid a time constant is not selected for high quality broadcast reception as rapid 
fading would cause bass-frequency anti-modulation and so reduce the audio frequency 
bass response. See also Chapter 35 Sect. 3(i)B2, page 1233. 

In broadcast receivers the charge and discharge time constants are often very nearly 
equal However, for some types of reception it may be preferable for the charge time 
constant to be rapid to prevent the beginning of a signal from being unduly loud, 
but the discharge time constant is made comparatively slow to prevent a rapid rise 
in noise output during intervals between signals (see also Ref. 43, p. 181). 
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The procedure for calculating charge and discharge time constants is as follows. 
Consider Fig. 27.30 in conjunction with Fig. 27.28, then 

For 2 stages 

Charge time constant = 

*i(C, + C 4 + C 5 ) + # 4 (C 4 + C 5 ) + R,C, 
Discharge time constant = 

C 5 (i? 5 + Ri + R 2 ) + C 4 (jR 4 + R 2 ) + CiCi?! + R 2 ) + C 2 R 2 . 
These follow readily when it is considered that the diode is conducting during 
charge, and R t << R 2 ; the diode is non-conducting during discharge. 
For 3 stages 
Charge time constant = 

Ri(C, + C 4 + C 5 + C.) + K 4 (C 4 + C 5 + C 6 ) + i? 5 C 5 + R 6 C 6 . 
Discharge time constant = 

C 6 (R 6 + R t + R 2 ) + C 5 (R 5 +R, + R 2 ) + C 4 (/? 4 + R 2 ) + C^ + R 2 ) + C 2 R 2 . 
If the circuit of Fig. 27.28 were considered alone the charge time constant would be 
Ri(.C 2 + C 4 ) + RiC 4 (assuming R 2 >> R x ), and the discharge time constant 
CiC^i + R2) + C 2 R 2 + CiiRi + R z ). The way in which the total time constant 
is built up for the more complicated cases will be readily seen, and the addition of 
extra controlled stages should offer litde difficulty when the new time constants are 
to be determined. 

For a more detailed discussion of time constants in a.v.c. circuits the reader is 
referred particularly to Ref. 47. 




Fig. 27.38B. Circuit for " sinking 

diode " arrangement which reduces 

differential distortion. 



(xiii) A.V.C. characteristics 

A.V.C. Characteristic Curves may be plotted on 6 cycle log-linear graph paper as 
shown in Fig. 27.36. The input is usually taken from 1 /xV to 1 volt. The output 
is usually shown in decibels, with an arbitrary zero reference level. The complete 
curves are useful not only for demonstrating the effectiveness of the a.v.c, but also 
to indicate modulation rise. 

To facilitate the developmental work on the complete receiver it is helpful to draw 
on the same graph 

(a) A curve of distortion against input voltage for 30% modulation at 400 c/s. 

(b) A curve of the developed a.v.c. voltage against input voltage. 

(c) Curves of the total bias voltages on the controlled stages against input voltage. 

(d) A curve of noise output against signal input voltage*. This allows the signal- 
to-noise ratio, for any input voltage to be determined. 

If fixed minimum bias is used, curves (b) and (c) will differ only by the bias voltage. 
If self-bias is used they will differ by the minimum bias voltage present with no input 
voltage, and will tend to run together at high input voltages. For methods of con- 
ducting the experimental measurements see Chapter 37. 

*See also Chapter 35 Sect. 3(i) pages 1229-1234. 
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Fig. 27.36 shows several a.v.c. curves, each corresponding to a particular condition. 
In taking these curves two separate diodes were used to maintain constant transformer 
loading and other conditions. Contact potential in the diode results in a slight in- 
crease in the standing bias voltage on the controlled stages ; this effect has been dis- 
cussed in (ii) above. 

Curve A is the " no control " characteristic and is the curve which would be fol- 
lowed, with the a.v.c. removed from the receiver, up to the point at which overloading 
commences. This characteristic is a straight line and the slope is such that an increase 
of ten times in the input voltage gives a 20 db increase in output. 

Curve B is the a.v.c. characteristic for a delay of —9 volts. For inputs of 3 to 
18 /iV the experimental curve follows the no control line exactly, and then deviates 
sharply for inputs above 18 ju.V. From 18 to 500 000 /*V the slope of the curve is 
fairly constant, the output increasing by about 3.25 db for each 10 times increase in 
the input voltage. Above 500 000 fj.V (i.e. 0.5 V) input the curve tends sharply up- 
ward, indicating severe modulation rise. 

Curve C is the a.v.c. characteristic for a delay of —3 volts. The a.v.c. comes into 
operation at a lower input voltage, as would be expected, and the average slope is 
steeper than for the higher delay voltage. In both cases, however, the " knee " of 
the curve as it leaves the no control line is very clearly defined. 

Curve D is the a.v.c. characteristic for a delay of zero voltage, with due compensa- 
tion for the effect of contact potential on the standing bias of the controlled valves. 

Curve E is typical of the characteristics obtained when audio a.v.c. is added to a 
receiver. Over the range of inputs from 100 to 500 000 /aV the total rise in output 
is only 3 db. 

Curve B has been drawn according to the conventional method whereby the output 
is adjusted to half the maximum undistorted output of the receiver for an input signal 
of 1 volt. Curves C and D were then taken directly, without any further adjustment 
to the volume control. Owing to a slight effect on the gain of the receiver when the 
delay voltage is varied, Curves C and D fall slightly below the datum line at an input 
of 1 volt. Curve E has been drawn to correspond to Curve C, since both have the 
same delay voltage. The volume control, however, was advanced considerably for 
Curve E. It should be noted that no conclusions should be drawn from the relative 
vertical positions of a.v.c. characteristics drawn according to the conventional method 
since the volume control settings are unknown. 

(xiv) An improved form of a.v.c. characteristic 

The conventional method of obtaining a.v.c. characteristics does not give all the 
information which is available, and an improved method yielding additional data has 
been suggested by M. G. Scroggie (see Ref. 51). This method will now be described. 

Instead of commencing at an input of 1 volt and adjusting the volume control to 
give one-quarter or one-half of the maximum undistorted power output at 30% modu- 
lation, Scroggie's method is to commence at a low input voltage with the volume 
control set at maximum. The input is increased until the output is approximately 
one-quarter of maximum, and the volume control is then set back to reduce the power 
output to one-tenth of the reading. This process is repeated until an input of 1 volt 
(or whatever is the maximum available from the signal generator if this is less than 
1 volt) is reached. 

This method is illustrated by the curves shown in Fig. 27.37. The scale 
of power output represents the output (at 400 c/s) which would be obtained with the 
volume control at maximum and 30% modulation, provided that no overloading 
occurred in the audio amplifier. A number of interesting facts may be obtained from 
an examination of these curves. 

1. The residual noise level of the receiver may be shown. 

2. The sen$itivit v of the receiver in microvolts input for any selected output level 
(e.g. 50 mW or 0.5 W) may be read directly from the curves. It should be noted 
that the output includes noise. 



27.3 (xiv) IMPROVED FORM OF A.V.C. CHARACTERISTIC 1119 

3. The power output corresponding to any selected input voltage and any position 
of the volume control may be obtained. For example, with a delay of —3 volts 
(curve Bl) the delay voltage is overcome at an output level of slighdy less than 2 watts 
with the volume control set at maximum. As a further example (again assuming 
400 c/s and 30% modulation) take the same curve at an input of 1000 jttV, where the 
output is shown as approximately 10 watts with the volume control at maximum. 
The setting of the volume control to give 4 watts output and using 100% modulation 
i nstead of 30% is 

V(30/100) 2 X (4/10) = 0.11 
of the maximum resistance of the control. The actual amount of rotation will depend 
on whether the volume control resistance is related to rotation by a linear or a logarith- 
mic law. 

4. The voltage at the detector may be calculated from a knowledge of the a-f gain 
and the detection efficiency. The a.v.c. bias voltage can also be determined in- 
directly by calculation from the data obtained. 

5. The slope of the initial part of the curve can show up an under-biased valve in 
the receiver. Cheap receivers frequently use a common source of bias for two or 
more valves, and under these conditions it can happen that one of the valves has too 
little bias and gives less than its maximum gain when there is no signal input to the 
receiver. As the input is increased, a.v.c. is applied to each controlled valve and this 
gives a comparatively rapid increase in gain from the under-biased valve. Such an 
increase shows up as an early section of the a.v.c. curve with a slope more vertical 
than it would otherwise be — usually with a slope in excess of 6 db per octave — and 
with a noticeable bend towards the horizontal at the point at which the valve receives 
the bias required for maximum sensitivity. 

To operate a valve under these conditions is of course undesirable, and in use the 
receiver will emphasize the fading of any signals which fade through the range of 
signal inputs over which the effect operates. 

6. The signal-to-noise ratio for any input can be read directly from the graph, as 
mentioned previously. In addition, the increments of signal-to-noise ratio with 
increasing input can be checked. An ideal receiver would give a 20 db improvement 
of signal-to-noise ratio for each 20 db increase in input, and it is possible for a normal 
receiver to approach this value, at least over the first decades of the a.v.c. graph. 
Any significant departure from the ideal can usually be traced to the application of 
a.v.c. to the first valve in the receiver [see Chapter 35 Sect. 3(i)] and care should be 
taken to keep the signal-to-noise ratio improving as rapidly as possible until it has 
reached a value of at least 45 db. 

Scroggie's method makes possible the measurement of ratios as great as this, or 
much greater, because although one reading, the power output, may be beyond the 
range of the output meter used, the volume control of the receiver is in effect used as 
a multiplier. 

7. The noise curve of the receiver might be expected to decrease indefinitely with 
increasing a.v.c. voltage, but there are two reasons why it may not do so. The first is 
that although the object of the test is to measure the signal-to-noise ratio of the re- 
ceiver, in practice the signal-to-noise ratio of both the signal generator and the re- 
ceiver are being measured. A 50 db ratio between 30% modulation and residual 
noise with no modulation is a representative figure for a signal generator of reasonable 
quality, and it is generator noise which causes the noise curve in Fig. 27.37 to become 
approximately horizontal shortly after 1000 ;u.V input. 

The second reason for the noise curve not decreasing indefinitely is that in most 
receivers in which power supply filtering has been kept to a minimum, for reasons 
of economy, there is some modulation hum with high inputs. This hum shows up 
as an increase in the level of the noise curve, and by plotting the curve over the full 
range of inputs expected to be applied to the receiver the designer can assure himself 
that the level of modulation hum does not become objectionable. An increase in 
modulation hum can be seen in Fig. 27.37 as the input approaches 1 volt. 
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The a.v.c. characteristics in Fig. 27.37 can be taken as typical of curves taken by 
this method. Bj and B 2 show the signal and noise curves respectively for a 5 valve 
receiver without audio a.v.c. and Q and C 2 show the results for the same receiver 
with audio a.v.c. It will be seen that the delay is overcome at about 15 /jY input 
and that at say 0.1 volt input there is 8£ db of audio control by the a.v.c. The noise 
ratio (Bi — B 2 ) should be identical with the ratio (C x — C 2 ) since the only difference 
between the B curve and the C curves is that due to modified audio gain. Thus 
the curve C 2 would become approximately horizontal at 2000 /j.V input and at —25 db. 

This method enables greater accuracy to be obtained for very small input signals 
since the power output reading will be well up on the scale of a typical output meter. 
With the conventional method the output is too small to measure accurately with a 
standard type of output meter. 

At extremely low input voltage levels the noise fluctuations make accurate output 
measurements very difficult to carry out. 

(xv) Design methods 

One of the difficulties faced by a receiver designer in making a preliminary calcu- 
lation of the a.v.c. performance of a receiver is often the lack of complete data on some 
of the valve types he is expected to use. If a completely satisfactory preliminary 
design is to be made it is necessary to have available, firstly, data on the manner in 
which mutual or conversion conductance varies with grid bias voltage ; this data 
must be for conditions of fixed screen voltage, and also for the case where the screen 
voltage is applied by means of a series dropping resistor. The second requirement 
is to know for a given percentage of non-linear distortion the signal handling capa- 
bilities (input and output) for various grid bias voltages, of the valves to be used in the 
controlled stages ; this knowledge is required particularly in the case of the last (and 
sometimes an earlier stage, as will be discussed below) i-f voltage amplifier valve when 
a large delay bias is used on the a.v.c. diode. Diode characteristics are also required, 
but these are usually available. The requirements of valve data are partly fulfilled 
in some cases, and for later valve types some additional information is available. 

Because of the time required to carry out measurements to obtain the additional 
data, receiver designers, in the majority of cases, make only a few preliminary calcu- 
lations to determine the desired time constants etc., and then proceed to achieve 
suitable a.v.c. characteristics by experimental procedures. As an example, with 
broadcast receivers it is usual to take the cathode bias voltage used for control grid 
bias on the multi-element valve containing the a.v.c. diode as providing sufficient 
a.v.c. delay bias (this bias is generally about —3 volts) and with the usual series of 
valves (e.g. 6SK7, 6J8-G etc.) and transformers a reasonably satisfactory a.v.c. charac- 
teristic is obtained ; this assumes that component values are used which are of the 
order of those discussed in previous sections in connection with Figs. 27.33,27.34 etc. 
For the type of receiver where improved a.v.c. characteristics are called for, a fairly 
large delay bias may be used on the diode. In general, the higher the delay voltage 
the flatter will be the a.v.c characteristic (over the range of a.v.c. operation) and this 
is illustrated by Fig. 27.36. The limitation on the allowable amount of delay bias 
is set, however, by the magnitude of the signal voltage appearing at the grid and 
plate of the last i-f amplifier valve, and it is for this reason that, when large delay 
bias voltage is used, the i-f valve is sometimes operated with reduced or zero a.v.c. 
bias. However, as this reduces the number of controlled stages it is not neces- 
sarily a satisfactory solution, and a better arrangement is to use an additional stage to 
obtain the necessary control. 

Design examples 

Attention will be confined mainly to simple delayed a.v.c. systems of the more 
common types. For additional design information and discussion the reader is 
referred to Refs. 45, 44, 43 and 53. A good practical approach to the problem is 
given in Ref. 43. 

(1) A receiver is to have one r-f and two i-f stages controlled by a.v.c. ; the con- 
verter operates with fixed bias. It is required to estimate, roughly, the diode delay 
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bias required if the detector output voltage is not to change by more than 6 db for a 
change in signal input to the aerial stage of 50 db. 

Assume first that the a.v.c. and signal detectors are linear, that equal signal voltages 
are applied to the detector and a.v.c. diodes, and that the detection efficiency (■>?) is 
unity. Since stage gain varies with change in mutual conductance (g m ) it can be taken, 
with typical voltage amplifier valves, that the gain alters by about 1.5 db for each ad- 
ditional volt of negative grid bias (this can be determined with greater accuracy from 
similar methods to those given later). Since there are three controlled stages using 
similar valves, the total gain decrease is 4.5 db per volt of bias. (Suppose similar 
valves are not used, one valve giving a gain change of 2 db per volt of bias and two 
others giving 1.5 db per volt, then obviously 1 volt of a.v.c. bias change alters the re- 
ceiver gain by 5 db). 

The total decrease in receiver gain which is required equals 50-6 = 44 db. To 
achieve this the additional a.v.c. bias needed is 44/4.5 = 9.8 volts. That this is also 
equal to the delay bias required for the stated conditions, can be appreciated because, 
at the threshold of a.v.c. operation, the voltage on the detector diode will be 9.8 volts 
peak, and for a further 9.8 volts (peak) increase in signal input the total voltage applied 
to the detector is 19.6 volts giving an increase in a^f output voltage of 6 db. The 
effect of 19.6 volts (peak) signal applied to the a.v.c. diode is to produce the required 
9.8 volts d.c. bias since half the peak input voltage is required to overcome the delay 
voltage. 

To illustrate a further point, suppose it had been taken that an 80 db input change 
should only give 6 db output voltage change. Then the delay bias required would be 
(80-6)/4.5 = 16.4 volts. This also means that the stage preceding the detector 
must deliver 32=8 volts peak when the carrier is constant. During modulation of the 
carrier the peak voltage delivered by the last i-f stage can reach 65.6 volts, and if 
distortion is to be avoided the valve preceding the detector must be capable of de- 
livering this amount of output voltage when the total bias is 16.4 volts plus the stand- 
ing bias. Whether this is possible can be determined from curves of the signal 
handling capability of the valve in question, or by direct measurements using a mod- 
ulated carrier. It will be found, usually, that the maximum output voltage which can 
be handled without severe distortion is very much reduced when the grid bias voltage 
is large. This then suggests that reducing the a.v.c. bias on the last i-f amplifier 
valve will allow the permissible plate voltage swing to be increased. Reducing the 
bias voltage also results in the stage gain being increased, and so the same a.v.c. bias 
voltage is produced with a smaller signal input voltage. However, the amount of 
total control is reduced, and so partial or zero a.v.c. bias on the last i-f valve is not 
necessarily a satisfactory solution in every case. 

It should be observed that the last i-f stage is not necessarily the one in which over- 
loading will occur first. In Chapter 26, when discussing the crystal filter stage, 
it was pointed out that the grid to plate gain of the valve preceding the filter was very 
high with the arrangement shown. Suppose the grid to plate gain of the first valve 
is 400 times, but the gain from the grid of the first to the grid of the second valve 
(into which the filter feeds) is 5 times, then if the grid to plate gain of the second valve 
is less than 80 times it becomes immediately apparent that the first i-f valve will be 
overloaded before the second one. Extreme cases -of this type are not likely to occur, 
but they present possibilities which should not be Overlooked. 

(2) A detailed design for a single controlled stage is to be carried out from valve 
data. Simple a.v.c. is to be used. 

The valve type selected for this example is the 6SK7 remote cut-off pentode. 
The average characteristics are shown in Fig. 27.39. The standing bias is —3 volts 
and the mutual conductance (g m ) for this condition is 2000 micromhos. For a 
total grid bias of —35 volts the g m is 10 micromhos. If cathode bias were used some 
additional error would be introduced, although this is usually neglected. 

The first step is to convert the g m — E a curve of Fig. 27.39 to a curve showing the 
change in gain of the controlled stage with variation in grid bias. The actual value 
of stage gain is not required since it is assumed to be directly proportional to g m . 
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The change in g m is expressed in decibels, taking as the reference level (0 db) the 
value of g m for maximum gain, i.e. the g m with only the standing bias (—3 V) applied 
to the grid. In this case the g m used for zero reference level is 2000 micromhos. 
Then using 



Change in gain (db) = — 20 log 10 



g m (E n = - 3 V) 
g, 



-20 log 1( 



2000 



g, 



the following values are obtained (the values for g m are taken from Fig. 27.39). 
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-46 
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*= — (3 + a.v.c. bias). 
These results are plotted in Fig. 27.40 as 
oo curve 1. It might be noted that the aver- 
age slope is 1.4 to 1.5 db per volt. 

It is next required to determine the 
amount of a.v.c. bias voltage developed by 
the diode circuit, for various input voltages 
applied to the diode. In a typical case the 
d.c. diode load resistance would be 1 meg- 
ohm, and the d.c. voltage developed for 
various signal input voltages can be taken 
directly from Fig. 27.6. The developed 
d.c. voltages are tabulated in column (2) below against r.m.s. signal (E rm> ) applied 
to the diode. 
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FIG. 27.39 6SK7 Mutual ChorocttriJtkj 
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Total Grid Bias Voltage 
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Total Grid Bias Voltage 
Curves of (T) Variation in Stage Gain and 

(2) Diode Input with Changing 
G.27.40 W Grid BiaJ 



It is now necessary to relate the total bias (a.v.c. + standing bias) to the change 
in diode input voltage ; the change is conveniently expressed in decibels. Any signal 
voltage applied to the diode may be taken as zero reference level (0 db), and in our 
case E rms = 2 volts will be convenient. Then the change in diode input voltage is 
given by, 

db change in diode input = 20 logi„ rms 



E Tms (for total bias 



-5.2 V) 



20 log 10 



The results are tabulated in column (4) of the table given above, and the total bias 
versus diode signal input change is plotted as curve (2) in Fig. 27.40. 

Finally, it is required to find the way in which the output changes with changes in 
signal input to the amplifier. If we assume various values for the change in signal 
voltage applied to the diode, it is a simple matter to determine the total grid bias, and 
from this the change in stage gain, by using curves (2) and (1) Fig. 27.40. Also from 
the curves, it is seen that, with zero change in diode input (0 db), the amplifier stage 
gain is 3 db down on the maximum possible gain. (This is because we selected 
E rm s = 2 volts as being the zero reference level). If now we assume, say, 2 db change 
in diode input, the actual change in stage gain is —4.3 — (—3) = — 1.3 db. Because 
voltage input applied to the diode has increased 2 db, and the amplifier stage gain has 
decreased 1 .3 db, it follows that the signal voltage applied to the amplifier grid must 
have increased 2 + 1.3 = 3.3 db. 

The direct output voltage change across the detector load, for 3.3 db change in sig- 
nal input, is from —2.2 volts to —2.9 (i.e. from curve (1), Fig. 27.40, the total bias vol- 
tage change is from —5.2 to —5.9 volts, which correspond respectively to —2.2 volts 
and —2.9 volts across the diode load, when the standing bias is —3 volts). Ex- 
pressing the direct output voltage change in decibels, we have 



Output change (db) = 20 log 10 



a.v.c. bias 



a.v.c. bias for E rms = 2 V 



= 20 log 10 



a.v.c. bias 
-2.2 
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From this we have for 3.3 db change in signal input voltage (2 db change in diode 
input) a corresponding output change of 2.4 db. The complete a.v.c. characteristic 
is tabulated below and plotted in Fig. 27.41. 
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22 
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12 


- 9.1 


27.2 


12.3 


14 


-11.8 


33.9 


14.6 


16 


-15 


40 


16.7 


18 


-18.5 


46 


18.5 


20 


-23.9 


52.8 


20.7 


22 


-29.5 


60 


22.5 


22.8 


-32 


65.8 


23.2 



It is seen that a change of 60 db in signal input gives an increase of 22.5 db in output. 
It should also be observed that in most cases it can be taken that the diode input is 
directly proportional to diode output, and the additional set of calculations need not 
be made — e.g. 60 db change in signal input gives 22 db change in diode input or 22.5 
db change in diode output. For three similar controlled stages the output change 
would be reduced to 7.5 db. If the valves to be controlled are not of the same type, 
then individual input-output curves must be drawn and the results combined to give 
the complete a.v.c. characteristic. 
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FIG. 27.41 Otode Input E* ns «2Volr«) 

Fig. 27.41. Calculated a.v.c. characteristic for a single controlled stage using type 6SK7. 

The a.v.c. characteristic for diode input voltages smaller than E rm , — 2 volts can 
be readily plotted, but as the useful range of signal input voitages, where control is 
mainly required, is usually greater than this value in a reasonably sensitive receiver 
(and because of the limitations of the diode curves) this value has been taken as afford- 
ing a satisfactory example. 
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The variation in gain given by simple a.vc. is limited, and for very strong signals 
a local-distance switch or some other method to prevent overloading of the receiver 
is required. 

(3) The voltage amplifier and diode detector used for the previous example are to 
be used in a delayed a.v.c. circuit, in which the delay bias applied to the diode is 
— 10 volts. 

If they are not available, the diode characteristics relating r.m.s. input voltage to 
d.c. output voltage, for various delay bias voltages, can be measured directly. The 
rectified voltage, used for a.v.c. bias, is not completely independent of modulation 
when a delay bias is used, and there is an increase in the available d.c. when the per- 
centage modulation is increased. Usually the a.v.c. comes into operation for lower 
carrier input voltages than would normally be expected, particularly when the per- 
centage of modulation approaches 100%. 

The complete design procedure now follows that given previously for simple a.v.c. 
using the data derived by the method given in the last paragraph. It should be clear 
that curve (1) in Fig. 27.40 remains unchanged, but curve (2) must be replotted. The 
resultant data are then available for plotting the a.v.c. characteristic. For signal 
input voltages of which the peak value does not exceed the diode delay bias, the re- 
ceiver operation is the same as for one which does not incorporate a.v.c. (this is clearly 
shown in Fig. 27.36). 

The slope of the no control line is readily determined since it is taken that the output 
is direcdy proportional to the input. 

SECTION 4 : MUTING (Q.A.V.C.) 

(»') General operation (») Typical circuits (iii) Circuits used with F-M receivers 

(i) General operation 

When a sensitive receiver which incorporates automatic volume control is being 
tuned from one signal to another there is an objectionable increase in noise output. 
This effect can be overcome by using a circuit arrangement which will make the re- 
ceiver silent in the absence of a signal. Arrangements of this nature are known by 
various names such as muting, interstation-noise suppression, quiet automatic volume 
control (Q.A.V.C.), or squelch systems. 

It is desirable, with these circuits, for the receiver to come into operation with the 
weakest possible useful signal voltage. Since the useful signal voltage may be variable 
for different conditions of reception, communications receivers are usually fitted with 
a variable threshold control which can be adjusted to give the best results. For 
broadcast receivers variable external controls are not used, the muting range being 
pre-set by the manufacturer. 

Most systems of muting depend for their operation on the application of a large 
bias voltage to an i-f amplifier valve, the detector or an a-f amplifier valve. A wide 
variety of circuits has been used by receiver designers, but attention will be confined 
here to a few typical arrangements, since the general principles are much the same in 
all cases. 

(ii) Typical circuits 
(a) Biased diode detector 

A simple type of biased detector muting system is shown in Fig. 27.42. It is seen 
that the circuit arrangement for the detector is quite conventional except that the diode 
load is returned to a tap on the cathode resistor. This makes the diode plate negative 
with respect to cathode, by the voltage developed between the cathode and the tapping 
point on the bias resistor R k and so detection cannot occur until the peak signal input 
voltage exceeds this negative bias voltage. The components are marked to corres- 
pond to those in Sect. 1 of this Chapter. 
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It should be apparent that there will be a range of signal input voltages around the 
threshold point over which the audio distortion will be severe. 
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FIG. 27.42 Biased Detector Muting System 

A more elaborate muting system, giving improved results over the simple system 
of Fig. 27.42 has been described by K. R. Sturley (Ref. 44). This uses a negatively 
biased diode and at the same time the circuit is arranged to provide d.c. amplified 
delayed a.v.c. The operation of this circuit can be readily understood from Fig. 27.43. 
The diode marked £> 3 acts as the automatic volume control detector, and the d.c. 
voltage developed across the load resistor R 2 is applied to the grid of the triode section 
of V z and amplified. The diode Z) 4 will only come into operation when the cathode 
of V 3 becomes negative with respect to the diode plate, and the a.v.c. bias is delayed 
until this condition occurs. Considering now the double diode V 2i it is seen that D x 
acts as the detection diode, but it can only detect when the signal input voltage exceeds 
the negative bias voltage developed across the cathode circuit R t , C t . This negative 




A.F. Amplifier 



FIG.~27.43 Biased Detector Muting System 
wita 
DC Amplified 4 Oelayed A.V.C 



bias voltage only exists when the diode D 2 is conducting, which occurs when the 
cathode of V s is positive. As soon as the cathode of V z becomes negative, the a.v.c. 
comes into operation, the diode D 2 no longer conducts, and the negative bias is re- 
moved from the plate of the detection diode 1^ which then begins to function in the 
usual manner. Part of the detected voltage output will appear across R k , C k but 
this is not serious if the value of R k is very much less than the resistance of 2? x (say 
about one tenth or less). It is recommended that CkR* be made equal to CJix. 
(b) Inoperative audio amplifier 

A typical arrangement of this type (Ref. 57) is shown in Fig. 27.44. V x is any double 
diode, such as type 6H6, and V 2 is a pentagrid mixer, such as the type 6L7, in which 
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grid 1 has a remote cut-off and grid 3 a sharp cut-off characteristic. Some systems 
use two valves in place of V 2 to effect muting and audio frequency amplification. 
Improved systems are also available (Ref. 54) which use a duo-diode pentode to elimin- 
ate the separate double diode valve, the pentode section being used as the intermediate 
frequency voltage amplifier. Audio a.v.c. is readily applied in this latter case. 







FIG. 27.44 Inoperative Audio Amplifier Muting System 



From Fig. 27.44 it is readily seen that the diode detector and simple a.v.c. arrange- 
ments are quite conventional. The audio output from the detector is applied to grid 1 
of the valve V % . Only part of the cathode bias is applied to grid 1 by using a tap on 
the cathode resistor. In the absence of conduction through the diode D 2 there is a 
large negative bias applied to grid 3 due to the total cathode bias voltage developed 
across R 7 and R s in series. The d.c. path to grid 3 is via R 6 , R 5 and R 9 . R 6 has a 
high value of resistance to prevent the plate of Z) 2 from being connected to ground 
through the comparatively low impedance of the cathode circuit of V 2 (which includes 
the muting control as shown). The circuit made up from R 9 , C 6 and C 7 is merely 
a filter to allow the application of direct bias voltage only to the muting grid (3) of 
V 2 j however, R 9 also performs the .useful function of stabilizing the voltage applied 
to grid 3 in the event of the anti-muting bias being sufficiently large to cause grid 
current. R 5 is the diode load resistor for D 2 , and C 5 allows the application of i-f 
voltage to the plate of the diode D 2 . When a signal is received the voltage developed 
across R 5 is sufficiently large, and of the correct polarity, to reduce the total negative 
bias on grid 3 and so allow the valve V* to perform the function of voltage amplifier 
for a-f voltages applied to grid 1. 

An interesting arrangement (Ref. 54) is shown in Fig. 27.45, in which a duplex- 
diode pentode and its associated circuit combine the functions of muting, detection, 
conventional and audio a.v.c, and audio frequency amplification. The valve V x is 
a duo-diode pentode in which grid 1 has a remote cut-off characteristic (the circuit 
was developed around the Australian-made type 6G8-G). The operation of this 
circuit is somewhat different from those previously discussed. The maximum gain 
obtainable from a resistance-capacitance coupled audio frequency amplifier occurs 
when the negative grid bias has a particular value. For a negative bias less than the 
optimum value (and for a particular screen voltage, which is generally made fairly 
low), g m will drop and the stage will effectively be muted. When the negative bias 
is made larger than the optimum value the gain of the stage will decrease at a com- 
paratively slow rate. This principle is used in the circuit of Fig. 27.45 and the signal, 
muting, and audio a.v.c. voltages are all applied simultaneously to the control grid. 
The cathode resistors R 10 and R 1X are used to set the bias voltage to give the optimum 
value for maximum gain. R n is then adjusted to a lower value to reduce the total 
bias voltage, and to cause the gain to drop to such a low value that muting has effec- 
tively occurred. It is necessary to select the values of bias and screen voltage so that 
the maximum screen dissipation is not exceeded. When a signal voltage is applied 
to the a.v.c. diode, the rectified voltage developed across R 7 increases the grid bias 
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in a negative direction which increases g m (and so the stage gain) and the valve un- 
mutes. For further increases in signal voltage the a.v.c. comes into operation, and 
the gain of the audio stage (and also the other controlled stages) begins to fall off 
in the usual manner. It is seen that only part of the total a.v.c. bias is applied to the 
grid of V t . 




FIG. 27.45 
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(iii) Circuits used with F-M receivers 

The general principles for muting circuits used in F-M receivers are much the same 
as for the circuits previously discussed. However, many of the circuits are novel 
and a few typical arrangements will be discussed. 

One typical arrangement (Ref, 59) is shown in Fig. 27.46(A). Valve types V l3 V 2 
and V 3 are those normally employed for limiting and detection. Valve V t is a double 
triode with separate cathodes such as the type 6SN7-GT. Section (1) is used as a 
d.c. amplifier for the muting control bias voltage which is applied to the grid of Section 
(2). The triode of Section (2) is used as an audio frequency voltage amplifier in the 
usual manner. 

The operation of the circuit is as follows. In the absence of a signal the limiter 
valve V s draws full plate current, and the positive voltage applied to the cathode of 
triode (1) of V 4 (from the voltage divider R 1} R 2) R 3 ) is a minimum. At the same time 
there is a positive voltage on the grid of (1) which is sufficiently large to ensure that 
there is a resultant positive voltage on the grid with respect to cathode. This allows 
the plate of (1) to draw full current and makes point A negative with respect to point 
B across the resistor R i} and so a negative bias is applied between grid and cathode 
of triode (2). This bias is made sufficiently large to cut off the plate current of (2) 
and so prevents any a-f output from being obtained. 




FIG. 27.46(A) 
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When a signal voltage is impressed on the limiter V 2 the plate current is reducedj 
and so the positive voltage applied to the cathode of triode (1) (F 4 ) is increased. When 
the signal input is sufficiently large the positive cathode voltage will exceed the positive 
voltage on grid (1) by an amount which is sufficient to cut off the plate current. This 
puts the points A and B at the same potential and so removes the negative bias from 
the grid (2). Triode (2) of V t then acts as an ordinary a-f voltage amplifier, and its 
normal bias is obtained from the voltage drop across the cathode resistor R e . 



Discriminator 



1st Limiter 2nd Umittr 



Discriminator 




FIG. 27.46(B) 



FIG. 27.46(C) 



Fig. 27.46(B) shows a simple but effective arrangement for muting. Noise voltages, 
in the abscene of a signal, which appear in the screen circuit of the second limiter 
valve, are applied to the control ; "of the triode section of the muting valve (e.g. 
type 6AV6) and the amplified noi^e voltage is applied to the diode detector circuit. 
The d.c. voltage across the diode load is applied as additional negative bias to the grid 
of the a-f voltage amplifier valve and cuts off this stage. When a signal is received 
the noise voltages are reduced and so the additional bias on the a-f valve falls and the 
stage begins to function in the normal manner. 

Another useful arrangement is shown in Fig. 27.46(C). In this circuit noise 
voltages from the screen circuit of the second limiter are applied to the grid of the 
muting valve (which could be a type 12AT7) via the high pass filter C x C 2 R t . Triode 
section (1) operates as an anode bend detector and the direct voltage developed across 
R 2 cuts off triode section (2) ; the relay is then in the unoperated condition. When 
a signal is received the noise voltages are reduced due to the receiver quieting, and 
at the same time additional bias is applied to triode (1) by the rectified voltage appearing 
at the first limiter grid. The voltage across R 2 is now insufficient to cut off triode (2) 
and the relay is operated by the plate current. The relay can operate a contact to 
short the grid of the output valve to earth : additional contacts can also be utilized 
should the receiver be used for special purposes. The circuit can readily be re- 
arranged so that the relay is not required, and an additional control bias is made 
available to cut off the a-f voltage amplifier by increasing the voltage in the cathode 
circuit in the absence of a signal. The coupling network R 3 R t i? 5 C 3 has a suitably 
selected time constant, and the circuit arrangement is such as to prevent amplitude 
modulation or over deviation of the frequency modulated signal from muting the 
receiver. 

Both of the circuits of Fig. 27.46(B) and (C), or variations of them, have been widely 
used in f-m mobile and V.H.F. link receivers. In some cases additional negative 
bias is applied to both the a-f voltage amplifier valve and the a-f output valve ; this 
has the advantage in the case of mobile receivers that the battery drain is reduced very 
appreciably during stand-by periods since a large proportion of the battery drain is 
due to the H.T. current drawn by the output valve. 
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If muting ON-OFF is required it is usual to switch an additional resistor into the 
cathode circuit of the muting valve. This resistor is made sufficiently large to cut 
off the valve and so render the muting inoperative. 

A number of other useful circuit arrangements can be obtained from Refs. 58 and 
59. Many circuits have appeared in the patent literature, but have not been generally 
published. One of particular interest uses the two limiters (which are resistance-? 
capacitance coupled) as a multivibrator unit, the output of the second valve being 
coupled back to the input of the first by means of resistance and capacitance con- 
nected in series. In the presence of signal input voltages the relatively low ampli- 
fication between the valves prevents the feedback network from being effective. 
In the absence of a signal the grid biases are such that noise voltages will be amplified 
sufficiently until the circuit operates as a multivibrator. One of the two valves is 
then always in a non-conducting condition and there is no audio output. This system 
is described by J. A. Worcester in G.E. Patent Docket 68743. Another useful circuit 
is given by R. A. Peterson in R.C.A. Patent Docket 21,998. This incorporates d.c. 
amplification and also requires the use of an additional double diode with separate 
cathodes. The diodes rectify noise output (which contains A-M) from the limiter. 
The d.c. voltage developed across the diode load is amplified and applied as a muting 
bias on the a-f amplifier valve. Unmuting occurs in the presence of a signal by using 
a negative voltage from the limiter grid to oppose the rectified voltage appearing 
across the diode load. 

Muting circuits are generally applied only to F-M receivers using the limiter and 
discriminator combination. The noise level between stations with receivers using 
ratio detectors or locked oscillator arrangements is generally fairly low, and muting 
is not usually considered to be so necessary in these cases. However, it is a relatively 
simple matter to utilize the rectified d.c. voltage available at the output of a ratio de- 
tector (or also in a conventional discriminator, see Ref. 62 p. 120) to operate a muting 
system, since the rectified d.c. voltage is proportional to the strength of the incoming 
signal. - 



SECTION 5 : NOISE LIMITING 

(») General (it) Typical circuit arrangements. 

(i) General 

The purpose of a noise (or crash) limiter in a radio receiver is to assist in the reduction 
of noise pulses, such as those due to ignition interference and crashes of static, so that 
their effects may be minimized at the receiver output. The difference between muting 
systems and noise limiters should be carefully distinguished, as they perform quite 
different functions in connection with the type of noise which they are meant to 
eliminate. 

Noise limiters in general follow two trends. One group " punches a hole " in the 
signal so that the receiver output is momentarily cut off. The other main group 
functions by limiting the maximum output to a value which is not appreciably greater 
than some pre- determined level. 

It can be shown fairly readily (Ref. 63) that the best results for noise reduction can 
be obtained by placing the limiter in the receiver at a point of low selectivity. The 
Lamb silencer (Ref. 65) for example, is usually placed after the first i-f stage and its 
operation is such as to cut off the plate current in the second i-f amplifier valve, 
momentarily. 

For many purposes elaborate noise limiting circuits (Refs. 65, 71) are not essential, 
and the tendency in the usual communications receiver is to use simple diode limiting 
to remove noise peaks. For amateur work sufficiently good results are often possible 
using audio output limiters (see Refs. 66, 67, 68). With the A-M receivers used in 
mobile communications systems a very elaborate noise limiter may be incorporated. 
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See also Chapter 16 Sect. 6 for speech clippers and Sect. 7 for noise peak and output 
limiters. 

The threshold of operation for noise limiters can be arranged for either automatic 
or manual setting for different signal input voltages. Good results are possible using 
automatic setting, but the more elaborate circuits practically always make some pro- 
vision for manual control. 

(ii) Typical circuit arrangements 

The Lamb silencer can be made to give excellent results, but because it is rather 
elaborate it is not extensively used in commercial communications receivers. For 
a description of its operation, together with complete circuit data, the reader should 
consult Ref. 65. 

Fig. 27.47 shows a typical example of the " shunt " type 
of diode limiter. It is seen that the circuit to the left of 
the dotted line AB is the usual diode detector circuit and 
the component values are identical with those normally 
selected. The negative direct bias voltage is set to prevent 
the diode D 2 from conducting until the peak input voltage 
r~*" B ~ exceeds the bias. When this occurs the diode Z) 2 acts as 
Threshold a virtual short circuit, and there is practically no output 

Control _ , , . . r 

from the detector circuit. 

A " series " type of diode limiter is shown in Fig. 27.48. 
ig.27.4-> The diode D x is used for detection in the usual manner 
*shont'Dio<ta Noise Limiter Diode D 2 is biased to be conducting with normal 
signal voltages applied to the detector circuit. For bursts of noise there is an in- 
stantaneous negative voltage applied to the plate of Z) 2 , and when this negative voltage 
exceeds the positive bias the diode stops conducting and so opens the audio output 
circuit. A large amount of audio gain is required when this type of circuit is used, 
because of the low audio voltage available. 

These simple circuits have several disadvantages. Firstly they are both susceptible 
to hum because of heater-cathode leakage when the cathode of D 2 is above earth. 
For example this limits the size of the resistor R which can be used in the circuit 
of Fig. 27.48, and so results in a loss in audio output. (An increase on the value shown 
would be permissible however). A further disadvantage is that stray capacitances will 
allow some of the high frequency noise components to appear in the receiver output, 
even though the diodes are operating in the prescribed manner ; this can be largely 
overcome with care in layout and wiring to minimize stray capacitances. 

Automatic threshold control may be arranged with simple " series " and " shunt " 
limiters. Suitable methods are given in the references (particularly Refs. 62A, 64 and 
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FIG. 27.49 Automatic Noise Limiting Circuit 
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70). However, a much more satisfactory circuit (Ref. 44) is shown in Fig. 27,49. The 
diode D x is incorporated in the usual detector arrangement and this circuit provides a 
variable bias voltage for the noise limiting diodes D 2 and D 3 . A short burst of noise 
voltage having a positive polarity will cause the diode D 3 to conduct and §o flatten 
out the audio waveform. A noise voltage having negative polarity causes J9 2 to con- 
duct which then flattens out the negative peak of the audio output. In the absence 
of noise the positive and negative half cycles are equally damped and so distortion 
is reduced. 

Additional methods used for noise limiting in radio receivers are given in Chapter 16 
Sect. 7 ; methods of noise reduction for use with reproduction from records are 
described in Chapter 17 Sect. 7. 



SECTION 6 : TUNING INDICATORS 

(i) Miscellaneous (m) Electron ray tuning indicators (hi) Null point indicator 
using Electron Ray tube (iv) Indicators for F-M receivers. 

(i) Miscellaneous 

A tuning indicator is a device which indicates, usually by means of a maximum 
or minimum deflection, when a receiver is correctly tuned. These indicators have 
taken a number of forms, particularly before the advent of the Electron Ray tuning 
indicator, originally called the " Magic Eye," and a few of these will be briefly dis- 
cussed before considering the Electron Ray Tube in detail. 



INDICATOR LAMP 




SUPPLY 3^. -ar 
FIG. 27.50 Soturattd Reactor Tuning Indicator 

One arrangement is to use a milliammeter connected in the plate circuit of a voltage 
amplifier valve which is controlled by a.v.c. Circuits of this type can also be arranged 
to indicate relative signal strength, and the meter scale may be calibrated in arbitrary 
" S " units. Another form is the saturated reactor or dimming lamp indicator. 
This uses a pilot lamp, in series with a special form of iron-cored inductance, which 
is excited from a suitable winding on the power transformer. A second winding on 
the inductance (or transformer) carries the plate current of one or more valves which 
are controlled by a.v.c. In this simple form the maximum plate current is sufficient 
to saturate the core and so reduce the impedance in series with the pilot lamp, which 
is then at full brilliance. When a signal is being tuned the plate current is reduced and 
the lamp dims. In order to make the pilot lamp reach full brilliance when the re- 
ceiver is tuned to a station instead of dimming, a " bucking " current can be passed 
through another winding so that saturation occurs when the plate current is very 
small, instead of it occurring when the plate current is large. Both arrangements 
can be understood by studying Fig. 27.50. 
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A further arrangement is to use a neon tube in which the length of the illuminated 
column is proportional to the d.c. voltage obtained from a resistance connected in 
series with the plate of an amplifier valve controlled by a.v.c. 

(ii) Electron Ray tuning indicators 

Electron Ray tuning indicators are the most popular of all the arrangements being 
considered. These indicators operate from either the signal diode or the a.v.c. diode 
circuit. The Electron Ray tube is not limited to use in receivers with a.v.c, since 
it operates to indicate a change of voltage across any part of the circuit. For example 
it may be connected to the signal diode circuit irrespective of the presence of a.v.c, 
or it may be connected across the cathode bias resistor of an anode bend detector. 
The correct type of Electron Ray tube to be selected for any position depends on the 
controlling voltage available. 

The most popular types of Electron Ray tube (e.g. 6U5/6G5) have a triode am- 
plifier incorporated in the same envelope, so that the voltage necessary to obtain full 
control is decreased. In most types this amplifier has a remote cut-off characteristic 
so that the sensitivity may be high for weak signals and yet not cause " overlapping " 
on strong signals. Type 6E5 has a linear characteristic and is occasionally used for 
special applications. Type 6AF6-G has two independent Ray-Control Electrodes, 
one of which may be used for strong signals and the other for weak signals, but has 
no amplifier incorporated in the same envelope. 

In a typical receiver with delayed a.v.c. the Electron Ray tube may be connected to 
either the signal or the a.v.c. circuit, but since it will give no indication until the diode 
starts to conduct, it will not operate on weak signals when connected to a delayed 
a.V.c circuit. Consequently most receivers using delayed a.v.c employ the signal 
diode circuit for operating the tuning indicator. The disadvantage of this latter 
arrangement is that it introduces additional a.c shunting effects on the detector diode 
load resistance and so leads to increased distortion at high modulation levels (see 
Sect. l(i) above). The a.c. shunting effects are niinimized by using a high resistance 
in the grid circuit of the tuning indicator, a value of about four times the diode load 
resistance being typical. In order to prevent flicker due to modulation, adequate 
decoupling between the diode load and the indicator, grid is necessary. A capacitance 
of about 0.05 /*F is usually connected from grid to ground, and this, in conjunction 
with the grid resistor previously mentioned, should lead to satisfactory operation (see 
Fig. 27.51). If simple a.v.c. is used (i.e. no delay voltage) it is preferable to operate 
the tuning indicator from the a.v.c line to reduce a.c. shunting (see again Fig. 27.51). 
From the diagram it can be seen that with the switch in the " Det." position the grid 
of the tuning indicator is connected through a 2 megohm resistor to the detector diode 
circuit. With the switch in the " a.v.c. " position the indicator is connected directly 
to the a.v.c line. This shows the two alternative connections just discussed. The 
cathode of the tuning indicator is returned to a suitable tapping point on the cathode 
bias resistor of the power valve as discussed below. 




Methods for Application of the Mogie Eyt Tuning Indieotor 
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The cathode of the Electron Ray tube should be, as closely as possible, at the same 
potential as the cathode of the diode. If its cathode is more negative than that of 
the diode, grid current may occur thereby increasing the initial bias on the controlled 
stages and reducing the sensitivity of the receiver. Consequently if the diode cathode 
is earthed, the indicator tube cathode should also be earthed, but if the diode cathode 
is positive then the indicator tube cathode should also be positive by an approxi- 
mately equal amount. One satisfactory method of obtaining this positive voltage, 
which however may only be used with a Class A power valve, is to connect the cathode 
of the Magic Eye to a tapping on the cathode bias resistor of the power valve. With 
this arrangement it is advisable for the tapping to be adjusted to make the cathode 
of the Electron Ray tube about 0.5 volt less positive than that of the diode in order to 
allow for contact potential in the indicator tube, the " delay " due to this small voltage 
being negligible. 

Alternatively, the cathode return of the Magic Eye may be taken to a suitable tap- 
ping point on a voltage divider across the " B " supply. Due to the fairly heavy and 
variable cathode currents drawn by the older types of indicator valves it is essential 
that the voltage obtained from any voltage divider, or other source of voltage, should 
not be affected appreciably by a current drain of from to 8 mA. It is for this reason 
that it is not satisfactory to tie the cathode of the indicator tube to that of the diode. 
With the newer " space charge grid " construction the cathode currents remain more 
nearly constant throughout life, and this allowance for change of current need not be 
made. However, it is not advisable to base calculations for cathode bias resistors 
on the published values of cathode currents since in some cases with valves of the newer 
construction, these are higher than the average currents. 

IMfl 
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FIG. 27.52 Circuit for Vtfdt-Anoje Tuning 

Overlapping of the two images is possible on very strong signals, whatever type 
of indicator tube is selected, but it is generally found with a remote cut-off type (such 
as the 6U5/6G5) that this is not often experienced under field conditions. Certain 
arrangements have been devised to reduce the tendency to overlapping, but none is 
free from criticism. Desensitization of the tuning indicator is readily applied, but 
affects indications on weak signals. The use of two separate tuning indicators, or 
a single type 6AF6-G with two separate amplifiers, one for weak and one for strong 
signals, is excellent but expensive. If the grid of the indicator tube is excited from 
the moving contact of the volume control the deflection will depend upon the setting 
of the control, and " silent tuning " will not be possible. 

Wide Angle Tuning with a maximum angle of 180° is practicable if an external 
triode amplifier is added (see Ref. 73). With this circuit (Fig. 27.52) the edges of 
the pattern are sharp from 0° to about 150° to 180°. 

(iii) Null point indicator using Electron Ray tube 

A Magic Eye tuning indicator may be used in many applications as an indicating 
device, one of these being as a null point indicator for use with a.c. bridge circuits. 
Such an arrangement is preferable to the use of head phones or sensitive instruments, 
since it may be used without disturbance from external noises and is capable of with- 
standing cdnsiderable overload without damage. The sensitivity of the type 6E5 
is 0.1 volt (r.m.s.) for a very clearly marked indication. When used as a null point 
indicator the 6E5 grid is biased approximately 4 volts negative, and the a.c. voltage is 
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applied between grid and a cathode. Any suitable pre-amplifying stage may be used 
to increase the sensitivity of the device if desired. When an a.c. voltage is applied 
the sharp image will change to a blurred half-tone and as the null point is reached the 
image will again become sharp. A heavy overload may cause overlapping of the 
pattern, but this is not detrimental to the tube. 

(iv) Indicators for F-M receivers 

The usual types of electron ray tuning indicator such as the 6U5/6G5 and 6E5, 
have been adapted for use as tuning aids in F-M receivers, and several systems using 
these tubes will be described A special electron ray indicator designed for use in 
F-M receivers has been described by F. M. Bailey (Ref. 76), and has been commercially 
released as type 6AL7-GT. Data on the application of the type 6AL7-GT can be 
found in Ref. 72 and in the R.C.A. HB-3 Tube Handbook. 

A method that immediately suggests itself for connecting a tuning indicator to a 
F-M receiver using a limiter is shown in Fig. 27.53. This method of obtaining a 
control voltage, from the limiter grid circuit, for operating the indicator tube is by 
no means the best arrangement available. The disadvantage of the circuit is that, 
when a strong signal is being tuned-in, the maximum voltage at the limiter grid is 
not sharply defined, and exact tuning is almost impossible under this condition. 
The resistor R and capacitor C are used to provide decoupling, as the presence of 
a.c. components of voltage at the indicator grid will prevent the fluorescent pattern 
from being sharply defined. 



FIG. 27.53 




Simple Tuning Indicator Arrangement 
for F-M Receiver 



A much more satisfactory tuning arrangement is shown in Fig. 27.54. This is 
similar to the Philoo Circuit shown in Ref. 75 but the two components R and C have 
been added. The additional resistor appears to be necessary if the d.c. voltages 
applied to the diode plates of the balanced rectifier aire to be equal when the receiver 
is detuned by an equal amount above and below the centre frequency. Actual ad- 
justment of R could be made to achieve more exact symmetry, but it is probable that 
in most cases the tuning operation would not be seriously impaired by leaving R 
and C out altogether. The operation of the circuit is straight forward. Assume 
firstly that the receiver is tuned to the centre frequency. The balanced rectifier has 
no voltage output, and the negative voltage developed across the resistor in the limiter 
grid is applied to the control grid of the tuning indicator, this voltage causing the 
pattern to close. When the receiver is detuned there is a voltage developed across 
Ri, of the polarity shown, due to the operation of the balanced rectifier. This voltage 
plus that developed in the limiter grid are added algebraically and the resultant voltage 
is applied between grid and cathode of the tuning indicator. Since the net bias 
voltage will always be less than that obtained when the limiter voltage alone is applied 
(the correct tuning position) the pattern on the tuning indicator opens. The indica- 
tions given by this circuit are sharply defined, and in addition the indicator opens and 
closes in the same manner as for indicator circuits used in conventional A-M receivers 
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FIG. 27.54 



Tuning Indicator Operating from Discriminator Output 



B+2S0V 



This latter feature is not available with similar arrangements operating from the dis- 
criminator output alone. 

Tuning aids are sometimes used in receivers with ratio detectors. The simplest 
arrangement in this case is to take the control bias voltage from the a.v.c. take-off 
point, or to use whatever fraction of this total voltage that is thought to be necessary 
for operating the tuning indicator. 



SECTION 7 : CRYSTAL DETECTORS 

(*') Old type crystal detectors (ii) Fixed germanium crystal detectors (Hi) Fixed 
silicon crystal detectors (iv) Theory of crystal rectification (v) Transistors. 

(i) Old type crystal detectors 

Crystal detectors of the " catswhisker " type have been used for many years, but 
are very touchy, require frequent adjustment, and are affected by even slight vibration. 
However, when correctly adjusted, they make quite efficient detectors. Crystal sets 
are briefly mentioned in Chapter 34 Sect. l(ii). 

(ii) Fixed germanium crystal detectors 

These have the advantages of small size and of needing no heater supply, thereby 
avoiding the possibility of introducing hum into high impedance circuits. Their 
main disadvantages are that the impedance presented to negative voltages is com- 
paratively low and dependent upon the applied voltage, and that the characteristics 
from unit to unit show comparatively large variations. 

Reverse resistance in a typical case varies from 2 megohms with 20 volts applied 
to 0.2 megohm at about 100 volts. In some circuits, e.g. a F-M ratio detector, this 
reverse conductance affects the operation and modifications are required to obtain 
satisfactory performance. The forward resistance is very low e.g. 200 ohms with one 
volt applied, falling below 100 ohms at somewhat higher voltages for a typical unit — ■ 
and this feature can be valuable in some applications. 

In this type of rectifier (see Ref. 79 from which this description is taken) as distinct 
from silicon rectifiers, the outstanding advantage lies in an ability to handle large 
voltages in the reverse direction, while in the forward direction, the slope (measured 
at + 1 volt) may be of the order of 100 ohms (10 mA at 1 volt). 

The slope in the reverse direction reaches a maximum resistance value at the order 
of —2 volts, beyond which the resistance falls slowly until, at a particular voltage 
known as the " turnover voltage," the slope resistance falls to zero and then becomes 
negative. 
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Measurements of rectification efficiency at various frequencies up to 100 Mc/s 
indicate that the efficiency falls with frequency by an amount which depends upon 
the " turnover voltage," the higher the " turnover voltage " the lower the rectification 
efficiency. In view of this, crystals intended for use at very high frequencies have a 
maximum as well as a mimimum " turnover voltage " rating. 

A typical current/voltage characteristic is shown in Fig. 27.55. 

Rectification occurs at the junction between a metallic point and the surface of 
crystalline germanium. During manufacture this junction is treated to obtain opti- 
mum impedance characteristic and time stability. After assembly, the metal point 
is cemented to the germanium to prevent dislodgment by vibration, and the complete 
assembly is sealed to prevent ingress of moisture. 

A characteristic of fixed germanium crystal detectors is their remarkable property 
of withstanding severe mechanical shock or vibration. The estimated life of the 
rectifier is indefinite — in excess of 10 000 hours. 



I i/VWV — I 

Uhhmh 



/mA| — 



Voltage 



TYPICAL GERMANIUM 
RECTIFIER CHARACTERISTIC 



There is little change in rectifier characteristics from 15°C to 50 °C, but above this 
temperature up to 100°C, both forward and back slope resistances decrease slowly. 

The characteristics of germanium crystal diodes vary considerably, depending on 
the application and the manufacturer, but the following data are representative of 
the majority of types. 

Allowable direct current 20 to 60 mA. 

Allowable surge current 100 to 600 mA. 

Allowable reverse voltage 25 to 250 volts 

Turnover voltage (reverse voltage for zero dynamic resistance) 40 to 275 volts 



Minimum current with +1 volt 



Reverse current with —50 volts applied 

(this only applies to types having an allowable reverse 

voltage of 50 volts) 
Capacitance 

Maximum ambient temperature 
Minimum ambient temperature 
Maximum frequency 



2.5 to 15 mA 
(some are less 
2.5 mA). 
40 to 1660 /^A 



than 



References to germanium detectors : 



0.8 to 3.0 mj-F. 
+70° to +85°C. 
-40° to -55°C. 
up to several hundred 
Mc/s. 
78, 79, 80, 81, 83, 84, 85, 85A, 85B. 



(iii) Fixed silicon crystal detectors 

The fixed silicon crystal detector is principally used as a frequency converter at 
frequencies above 100 Mc/s. Some designs go up to 1000 Mc/s, while others go 
as high as 5000 or 10 000 Mc/s. The silicon detector is liable to damage by transient 
voltage overloads in the reverse direction. The conversion loss is about 6 to 8 db. 

References to silicon detectors : 82, 83. 
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(iv) Theory of crystal rectification 

The modern theory of crystal rectification is given in Ref. 83 : See also Ref. 79. 

(v) Transistors 

Transistors are crystal devices with three or more electrodes, which are capable 
of amplifying. A good introductory article is Ref. 86. See also Refs. 87, 88, 89, 90, 
91, 92, 93, 94, 95, 96. 
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SECTION 1 : GENERAL DESCRIPTION 

(i) Description («) Advantages and disadvantages of reflex receivers. 

(i) Description 

A reflex amplifier is one which is used to amplify at two frequencies — usually 
intermediate and audio frequencies. 

Reflex radio and audio frequency stages have also been used in very small T.R.F. 
receivers (see Sect. 5). 

Reflex receivers were fairly common in U.S.A. and Australia in the period 1934 
to 1937, but suffered from serious distortion and high play-through. These re- 
ceivers usually had high a-f plate load resistors giving comparatively high a-f gain, 
low i-f gain and low operating plate voltages and currents. A.V.C. was not applied 
to the reflex stage which was frequently a sharp-cut-off valve such as the 6B7 or 
6B8. A considerable advance was made in Australia by the use of the remote cut-off 
type 6G8-G with a.v.c, and a further advance was made in the adoption of a com- 
paratively low a-f plate load resistor. The latter enabled nearly full i-f gain to be 
obtained with normal voltages on the electrodes, thus increasing the maximum plate 
voltage swing for a limited distortion. The most common application of a reflex 
amplifier in Australia* at the present time is in a 3/4 valve receiver comprising con- 
verter, reflex stage, power amplifier and rectifier. The reflex stage in such a re- 
ceiver amplifies at intermediate frequency, provides detection and a.v.c. from its 
diode or diodes, and then amplifies at audio frequency. It may be compared with 
a straight receiver in which the second valve is used as i-f amplifier and detector, 
the output from the detector being used to excite the power stage. Using the same 
valves and components in both cases, the reflex receiver may have a sensitivity up 
to 10 times that of the straight set. 

(ii) Advantages and disadvantages of reflex receivers 
Advantages of the reflex receiver 

1. Higher sensitivity. 

2. Greater flexibility in design, permitting use of negative feedback either with or 
without tone compensation (bass boosting) for small cabinets. 

♦Reflex receivers do not appear to be in commercial use in either U.S.A. or Great Britain at the time of 
wnung. 
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28.1 (ii) ADVANTAGES & DISADVANTAGES OF REFLEX RECEIVERS 1141 

Disadvantages of the reflex receiver 

1. Increased cost due to additional components. 

2. Increased tendency to overload on strong signals. 

3. More complicated design, although once a satisfactory design has been evolved 
there are no outstanding production difficulties. 

4. Somewhat increased distortion at high modulation percentages at medium and 
high input levels than for a well-designed straight receiver, although both are still 
in the same class. 

5. Play-through — that is the occurrence of a-f output with the volume control at 
its zero setting. This leads to a further defect known as the " minimum volume 
effect " whereby minimum volume from the receiver is obtained with the volume 
control at some setting slightly above zero setting. At the point of minimum volume 
the signal is very badly distorted since there is a balancing-out of the fundamentals 
between the normal signal and the out-of-phase play-through signal. Both play- 
through and the minimum volume effect may be reduced by good design so as not to 
be objectionable. See Sects. 2, 3 and 4. Perhaps a fairer comparison is between a 
3/4* valve reflex receiver and a 4/5 valve straight set. In this case the reflex re- 
ceiver will be more economical to produce, through the saving of one valve, while 
there will be a slight saving in space, heat dissipation and current consumption. The 
4/5 receiver is capable of being designed to have negligible play-through and may 
have slightly greater sensitivity. 

The design of reflex receivers must necessarily be a compromise, with juggling of 
inter-acting characteristics. However, by reflexing it is possible to achieve an ac- 
ceptable performance which would not otherwise be obtainable with the same number 
of valves. The fact that reflex receivers form a substantial percentage of the Aus- 
tralian market for 3/4 valve sets indicates that their performance is acceptable. 

On account of the complicated inter-action which occurs in a reflex receiver, it is 
impossible to design the reflex stage alone ', the whole receiver must be treated as a 
single design unit. If any change is subsequently made in any other stage, it is 
usually necessary to make consequential modifications to the reflex stage for the best 
results. 

So far as sensitivity is concerned, a straight 3/4 receiver using modern valves can 
give 15 fiV broadcast sensitivity f, and 30 /xV short-wave sensitivity t, which for most 
applications is adequate. Nevertheless the higher a-f gain of the reflex receiver 
removes the problem, which is experienced with straight 3/4 sets, of preventing the 
a.v.c. from limiting the a-f output before the output valve is fully loaded. 

The advantages to be obtained at audio frequencies from reflexing a 3/4 valve 
receiver are considerable. A straight 3/4 valve set without an a-f stage almost in- 
variably suffers from " bubbling " at high a-f outputs on strong signals, and to pre- 
vent this the low frequencies are reduced as much as possible without making the 
reproduction too thin. With the additional stage of a-f amplification provided by 
reflexing, the regenerative effect which causes bubbling becomes degenerative, and 
the bass can be boosted to any desired extent without bubbling being experienced. 

In addition it is not possible in straight 3/4 valve sets to use negative feedback 
for any purpose other than mild frequency correction because any reduction in the 
mid-frequency gain of the output stage makes i-f overloading probable before the 
output valve is driven to full output. With reflexing an appreciable amount of the 
added a-f gain can be used for any desired form of negative feedback. 

Reflex superhet. receivers may be divided into two principal groups, those employ- 
ing plate reflexing (see Sect. 3), and those employing screen reflexing (see Sect. 4). 



*A 3/4 valve receiver is one having three amplifying valves and a rectifier. 
tFor 50 milliwatts output. 
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SECTION 2 : SOME CHARACTERISTICS OF REFLEX 
SUPERHET. RECEIVERS 

(i) Play through (residual volume effect) (ii) Over-loading (Hi) Automatic volume 
control (iv) Reduction in percentage modulation (v) Negative feedback (vi) Opera- 
ting conditions of reflex stage. 

(i) Play-through (residual volume effect) 

This effect has been briefly described in Sect. 1. Play-through in a reflex receiver 
is due to the rectification caused by the curvature of the valve dynamic characteristics. 
Play-through increases as the input signal is increased, and may be measured with a 
large signal input — preferably with a high modulation percentage and with the volume 
control at zero. During design it may be found that play-through increases rapidly 
when the signal input to the reflex stage passes some critical level. In such a case 
the a.v.c. system must be designed to prevent signals of this magnitude from appear- 
ing at the grid of the reflex stage. Since play-through is a function of rectification 
and therefore of the curvature of the characteristic, it is a variable depending on the 
bias. By plotting play-through for varying bias voltage on the reflex stage with a 
constant input signal to the reflex stage, it is possible to determine the range of a.v.c. 
voltages which may be applied to the stage without resulting in serious play-through. 
This may entail using only a small fraction of the developed a.v.c. voltage on the 
reflex stage. 

(ii) Overloading 

It is practicable to design a reflex receiver to handle input voltages up to 1 volt 
without serious distortion (of the order of 10% at 100% modulation). 

(iii) Automatic volume control 

The a.v.c. system should be designed so that high peak i-f plus a-f voltages are hot 
built-up in the plate circuit of the reflex stage. There are three principal a.v.c. 
systems in use : 

1. Full a.v.c. applied to both converter and reflex stages. 

2. Fractional a.v.c. applied to both stages, although the two fractions may be 
different. 

3. Full a.v.c. is applied to the converter and fractional a.v.c. to the reflex stage. 

The choice of converter valve has considerable bearing on the a.v.c. design. The 
use of a converter with a not-too-remote cut-off (e.g. 6BE6) assists in the reduction 
of play-through by limiting the maximum signal voltage applied to the grid of the 
reflex stage. 

If the fraction of the a.v.c. applied to the reflex stage is reduced too much, or omitted 
entirely, the reflex stage may run into grid current and cause " bubbling " with the 
volume control at maximum because the rectified a-f signal returned to the grid from 
the plate of the reflex stage may exceed the bias on the valve. If the fraction of a.v.c. 
applied to the reflex stage is increased too much, the a.v.c. characteristic will tend 
to reach a maximum output and then to fall with increasing input voltages. The 
worst effect of excessive control is the inability of a receiver to give full a-f output 
on strong stations even with the volume control at maximum. Also, in such a case 
the effect of tuning to a powerful signal is to produce less output when the receiver 
is tuned directly to the carrier than when it is tuned to one side, so that there are 
two adjacent tuning positions of maximum volume. A further effect of too large a 
fraction of a.v.c. voltage is the increase in play-through referred to above. 

As a criterion of good a.v.c. design, the volume control should be approaching its 
maximum position for maximum undistorted a-f output at any signal level. The 
minimum volume effect may be reduced by using a tone control which gives severe 
treble attenuation. 
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(iv) Reduction in percentage modulation 

With a large signal input and with the volume control at maximum, a reduction 
in the percentage of modulation occurs due to the curvature of the characteristics. 
Under laboratory conditions this can be quite considerable, for example 30% modu- 
lation may be reduced to 10%, but it is usually unimportant with ordinary listening 
because it only occurs under conditions which would also cause overloading of the 
power stage. However, where a Scroggie-type of a.v.c. characteristic indicates 
serious a-f overloading with the volume control at maximum, the actual overloading 
with a strong input signal may be appreciably less than that indicated, owing to the 
reduction in percentage modulation. 

j(v) Negative feedback 

If full a.v.c. is applied to the reflex valve, a strong signal will then reduce the a-f 
gain, which in turn will reduce the a-f feedback, if any. Under these conditions 
feedback is available on weak signals where it is not needed, but it is very much re- 
duced on strong signals where it is most needed. As a consequence, negative feed- 
back is only practicable with a small fraction of the a.v.c. voltage on the reflex stage. 

Negative feedback, in addition to its use for the reduction of distortion and for tone 
compensation, also assists very considerably in the reduction of play-through (e.g. 
Fig. 28.3). 

(vi) Operating conditions of reflex stage 

The reflex stage should be biased, with a very small signal, to give maximum gain 
unless this bias is insufficient to prevent the valve from drawing grid current due to 
a-f signals in excess of the bias voltage being applied to the control grid at input 
signals such that the a.v.c. has not yet become fully effective. 

Adequate r-f filtering of the demodulated signal is necessary before returning it 
to the grid of the same valve again, to avoid regeneration or actual i-f oscillation. 



SECTION 3 : DESIGN OF PLATE REFLEX SUPERHET. 
RECEHHERS 

(0 General considerations (ii) Full a.v.c. applied to both stages (Hi) Fractional 
a.vx. applied to both stages (iv) Full a v.c. on converter, fractional a.v.c. on reflex 
stage. 

(i) General considerations 

The majority of reflex receivers are in this class. Plate reflexing is less critical in 
relation to valve operating point and less critical so far as design is concerned. How- 
ever, under some conditions, screen reflexing will give less play-through. With 
high i-f gain in any receiver it is difficult to eliminate regeneration entirely without 
some filtering, but in a plate reflex receiver i-f decoupling is an inherent feature due 
to the plate circuit components, and no other i-f filtering is necessary. 

(ii) Full a. v.c. applied to both stages 

With suitable valve types, this very simple system is capable of handling an input 
of 1 volt (30% modulated) with distortion as low as can be obtained from any other 
a.v.c. arrangement. Current designs of reflex receivers employing this a.v.c. arrange- 
ment have fairly high play-through but this may be due to factors other than the a.v.c. 
system. 

(iii) Fractional a. v.c. applied to both stages 

A typical example is Fig. 28.1 in which a large fraction of the a.v.c. voltage is 
applied to the converter stage and a small fraction to the reflex stage. As a result 
of reduced a.v.c. voltage on the reflex stage, the play-through is considerably reduced. 
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(iv) Full a.v.c. on converter, fractional a.v.c. on reflex stage 

An example of a receiver in this class is Fig. 28.2 in which one ninth of the a.v.c. 
voltage is applied to the reflex stage. The receiver has a sensitivity of 40 f*V (for 
50 mW output^ the comparatively low sensitivity being due principally to the use of 
low Q i-f transformers. It is capable of handling an input up to 1 volt with complete 
stability under all conditions, and has several interesting features. The plate load 




Fig. 28.1. 
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Reflex superhet. receiver with plate reflexing and fractional a.vx. on both 
controlled stages (A.W.A. Radiola Model 517-M). 




FIG. 28.3 



tig. 28.2. 



Keflex superhet. receiver with plate reflexing, full a.vx. on converter and 
fractional a.vx. on reflex stage (Ref. 1). 



28.3 



DESIGN OF PLATE REFLEX SUPERHET. RECEIVERS 



1145 



resistor was selected to provide optimum operation together with minimum hum ; 
a certain amount of hum neutralization is possible between the reflex (a-f ) and power 
amplifier stages. Feedback in the reflex stage is neutralized by the very small fixed 
capacitances C.v, and Cy 2 > while a small degree of negative feedback is provided on 
the output stage. 

Considerably improved performance is obtainable by the use of type 6AR7-GT 
in the reflex stage, together with high Q i-f transformers. This avoids the necessity 
for neutralization and gives higher gain. Still higher gain is obtainable with a high- 
slope output valve, although the play-through is increased thereby. This circuit 
arrangement has considerable merits and there are prospects that, by suitable choice 
of valve types and a.v.c. design, the play-through may be reduced to a low level. 

A possible alternative form of the circuit would be to use type 6BE6 converter, 
6BA6 reflex amplifier and a duo-diode-output pentode. 



SECTION 4 : DESIGN OF SCREEN REFLEX SUPERHET. 

RECEIVERS 

(i) Screen reflex receivers (ii) Comparison between plate and screen reflexing. 

(i) Screen reflex receivers 

In a screen reflex receiver the screen of the reflex stage is by-passed to earth for 
intermediate frequencies only, and the screen is coupled to the grid of the power 
stage for audio frequencies. For the same number of components and the same 
economy, screen reflexing permits the use of separate screen dropping resistors for 
the converter and reflex stages, thus giving greater flexibility in design and less inter- 
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small with the application of negative feedback. It is necessary for the diode-screen 
capacitance to be low, and in this respect the Australian type 6AR7-GT is satisfactory. 
The screen dropping resistor and grid bias must be designed for optimum i-f gain ; 
in the 6AR7-GT this also provides satisfactory a-f gain. Screen reflexing requires 
good hum filtering. 

With screen reflexing, careful design is necessary for optimum results to be ob- 
tained. An example of a well designed screen reflex receiver is Fig. 28.3. This 
has been designed for high sensitivity with reasonably low distortion and low play- 



6AR7-GT 



•OlyF 



KT6I 



•OlfiF 




FIG. 28.3 



Fig. 28.3. Reflex superhet. receiver with screen reflexing (Ref. 4). 
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through. The aerial sensitivity is approximately 5 /xV for 50 mW output, and the 
signal to noise ratio is 10 to 13.5 db at 5 /iV input. The distortion is 6.9% with an 
input of 1 volt, 30% modulated, but 12% with an input of 0.5 volt, 100% modulated. 
An output of 0.5 watt is obtained with 20 /xV input, 30% modulated. With an input 
of 1 millivolt to the aerial terminal, 30% modulated at 400 c/s, an output of 2 watts 
is obtained with 10% overall distortion. 

Feedback is applied by returning the lower end of the volume control to the voice 
coil. Maximum bass boosting is provided when the volume control is at the tap, 
which is adjusted for the lowest listening level. The high frequency peak and bass 
boosting are reduced as the volume control setting is increased towards maximum. 
The response above 5000 c/s is cut sharply by a combination of shunt capacitances 
together with negative feedback. The overall result is an automatic high frequency 
tone control which gives a " mellow " tone with weak signals and a normal radio 
tone on strong stations. The gain reduction due to feedback is 14 db with 1 mV 
signal input and with the volume control at its minimum position. The gain re- 
duction decreases as the volume control is advanced. 

The conventional i-f filter in a reflex circuit is a series resistor from the volume con- 
trol slider, connected to a by-pass capacitor at the cold end of the first i-f transformer 
secondary. These two components give phase shift at some high frequency with 
the volume control at its minimum setting, additional to the phase shifts already in 
the circuit and may thus cause oscillation when heavy feedback is applied with the 
volume control at zero. However if the resistor is wired in series with the hot end 
of the volume control, as in Fig. 28.3, with the volume control at its zero setting there 
is no series resistor in the feedback path, phase shift is reduced and high frequency 
peaks (or oscillation) are avoided. 

Resistance-capacitance filtering is used here for economy. The plate supply 
voltage is 185 volts. One ninth of the a.v.c. voltage is applied to the reflex stage. 
The play-through is as low as in some commercial receivers that do not use reflexing. 

(ii) Comparison between plate and screen reflexing 

Plate reflexing is capable of higher a-f gain than screen reflexing, since the latter 
is limited by the " triode mu " of the reflex valve. For this reason, types 6AR7-GT 
and 6BA6 with grid-to-screen mu factors of 18 and 20 respectively are quite suitable 
for use in screen reflex receivers. However, plate reflexing gives more play-through 
than screen reflexing for similar conditions in both cases. 

Type 6AR7-GT as a screen reflex amplifier allows a higher gain in the output 
stage than a lower gain valve (e.g. 6G8-G) with plate reflexing, for the same play- 
through performance in both cases, and similar converter conditions. 

SECTION 5 : DESIGN OF T.R.F. REFLEX RECEIVERS 

In such a receiver the r-f amplifier is reflexed and used also as an a-f amplifier. 
The only application at the time of writing is to 2/3 valve receivers having a diode- 
pentode as a reflexed r-f, a-f amplifier and diode detector, followed by a power pentode 
(e.g. 6AR7, KT61). A sensitivity of the order of 1000 /xV (for 50 mW output) is 
practicable. A limited degree of regeneration assists gain and selectivity. 

SECTION 6 : REFERENCES TO REFLEX AMPLIFIERS AND 
REFLEX RECEIVERS 

1. " Radiotron Receiver RD31 : Four valve a.c. reflex circuit " Radiotronics No. 120 (July /Aug. 1946) 
71. 

2. A.R.T.S. and P. Bulletins Nos. 56, 57, 60, 63, 65, 66, 78, 84, 89. 

3. Beard, E. G. " Some dangers in the use of negative feedback in radio receivers " Philips Tec. Com. 
2/3 (1949) 3. 

4. Design by Amalgamated Wireless Valve Co. Pty. Ltd. Applications Laboratory. 

5. Watson, S. J. "Reflexed amplifiers" A.W.A. Tec. Rev. 4.1 (Jan. 1939) 35. 

6. R.C.A. " Application Note on the operation of the 2B7 or 6B7 as * reflex amplifier " No. 16 (July 7, 
1933). 

7. Holmes, R. G. D. " Designing a modern superheterodyne — three valve reflex circuit with forward 
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SECTION 1 : LIMITERS 

(i) General (ii) Typical circuits for F-M receivers (a) Single stage limiter {b) Cas- 
caded limiters. 

(i) General 

In this section it is proposed to discuss only the conventional type of amplitude 
limiter using a pentode valve operating as a saturated amplifier. Other circuits, 
which combine the dual functions of detection and the removal of amplitude variations, 
such as the ratio detector and locked oscillatorj will not be treated here. The ratio 
detector has been discussed in detail in Chapter 27 Sect. 2. Details of several other 
alternative systems can be found in Refs, 2, 5, 6, 7 and those at the end of Chapter 27. 

The need for some form of amplitude limiting was stressed in Chapter 27 Sect. 2, 
when the phase discriminator was being discussed. It was pointed out that the diodes 
in a phase discriminator are amplitude modulation detectors, and if undesired ampli- 
tude variations are not to appear in the receiver output the amplitude of the voltage ap- 
plied to the discriminator should be constant. This was emphasised by reference to 
eqns. (20) and (21), where it was seen that the product g m E g should be held constant 
if the discriminator sensitivity is to remain fixed for a given frequency deviation. 

Circuit arrangements for limiters in F-M broadcast receivers have become quite 
stereotyped. Sharp cut-off pentodes having fairly high values of g m are the usual 
choice, and typical of these are types 6SJ7, 6SH7 and 6AU6. The limiting action 
is brought about by a combination of grid-leak bias and low values of plate and screen 
voltage. Grid-bias limiting is obtained by adding a resistor and capacitor, of suit- 
able value, to the grid circuit and using zero or very small values of cathode bias. 
The grid circuit arrangement is the same as for a grid-leak detector, and the operation 
is almost identical since the average negative bias on the grid is determined by the 
e g — i g characteristics of the valve in conjunction with the associated circuit. The 
value of the average grid bias, together with the low screen voltage, determine the 
condition for which plate current cut-off occurs. Any signal input voltage whose 
amplitude is sufficiently large will cause the average negative bias to increase and so 
tend to hold the output voltage constant. Because of the low values of plate and 
screen voltage the plate voltage swing is limited to a comparatively small value and, 
for an input signal of sufficient magnitude, there will be practically no corresponding 
increase in output voltage when the signal input voltage is increased. 

The added damping on the i-f transformer secondary, which connects to the limiter 
grid, is given approximately by R g /2 or R g /3, depending on the circuit arrangement, 
in exactly the same way as discussed previously for a diode detector ; R g being the 
value of resistance selected for the grid leak. This should be taken into account (as 
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well as circuit detuning caused by changes in the valve input capacitance) when the 
i-f transformer is being designed. 

The necessity for high gain in the receiver stages preceding the limiter stage will 
be appreciated when it is realized that a minimum of about 2 volts peak is required 
at the limiter grid to obtain satisfactory operation with a typical circuit arrangement ; 
it is preferable to have voltages of the order of 10 to 20 volts peak for best results 
under adverse condition of reception. Since this limiter input voltage must be 
obtained with the smallest signal input voltage likely to be met in the field, the gain 
of the preceding stages in the receiver should be sufficient to give satisfactory limiter 
operation with signal voltages as low as 2 or 3 /*V ; in F-M mobile communications 
applications the limiter should saturate with signals of less than 1 /*V. Also, because 
the conversion from F-M to A-M in the discriminator usually results in a low equival- 
ent value of percentage amplitude modulation, it is necessary for the limiter output 
voltage to be large if the detected audio voltage is to be sufficient to drive the audio 
amplifier to full output ; this means that something in excess of 10 volts peak is 
desirable at the plate circuit of the limiter. 

For completely satisfactory amplitude limitation two limiter stages are necessary. 
However, because of the cost factor, commercial domestic type receivers seldom use 
more than one limiter stage. When two stages of limiting are used, it is essential 
that the coupling circuit between them should not introduce any appreciable ampli- 
tude modulation due to its selectivity characteristic. The selectivity should be suffici- 
ent to attenuate harmonics of the intermediate frequency generated by the limiter, 
although this is also accomplished by the primary of the discriminator transformer ; 
with single stage limiters the discriminator transformer is relied upon to give the 
necessary attenuation of the i-f harmonics. Transformer coupling between the two 
limiter valves is the most satisfactory arrangement, but single tuned circuits are often 
used. 

The choice of the time constant for the grid resistance-capacitance combination 
is important. It must be sufficiently short for the grid bias to be proportional to 
changes in amplitude, but not so short as to prevent the bias change from being suffici- 
ently large to control the amplification of the limiter stage, so as to offset any change 
in signal input voltage. For a single stage, limiter time constants of 2.5 microseconds 
are usual, although 10 to 20 microseconds and even higher have been used in some 
receivers. For two stages the first limiter grid circuit uses a time constant of 1.25 
to 5 microseconds and 2.5 to 10 microseconds or longer in the second stage, in typical 
cases. The longer time constants of 10 to 20 microseconds are suitable for most 
types of noise impulses, but some forms of motor car ignition noise are more com- 
pletely suppressed when the shorter time constants are used. A careful choice of 
the time constants is necessary if the noise is not to be heard in the receiver output 
because the bias on the limiter valve must be able to follow the changes in the ampli- 
tude of the input voltage. 

No matter how effective the amplitude limiters may be and how carefully their 
time constants are chosen it will often be found that the F-M receiver will not effec- 
tively suppress bursts of noise such as those emitted by car ignition systems. To 
obtain the best results it is most important that the pass band of the receiver be sym- 
metrical and that the centre frequency of the i-f amplifier coincides exactly with the 
centre frequency of the discriminator. A useful test is to align the receiver on an 
unmodulated carrier at the signal frequency and then to switch off the carrier ; if 
the alignment is correct, and the circuits symmetrical, a d.c. vacuum tube voltmeter 
connected across the discriminator output will give a reading of approximately zero 
(of course the usual noise will be heard from the receiver output). Small inaccuracies 
often arise when the receiver is aligned so as to give maximum grid current at the 
limiter stage, or stages, even though the signal (unmodulated carrier) frequency is 
such that zero d.c. output voltage is obtained from the discriminator. The grid 
current reading is usually rather broad, and it will he found that the i-f and limiter 
circuits, in particular, can often be realigned to give zero d.c. output voltage at the 
discriminator on noise without reducing the limiter grid current on signals. As a 
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further check on alignment and symmetry the receiver is tuned very carefully to an 
unmodulated carrier so that the a.c. voltage at the output transformer is a minim um 
(i.e. for maximum quieting) and for this condition the reading of the d.c. voltmeter 
at the discriminator is noted ; then it will usually be found that this latter reading is 
the same as that obtained from noise alone. (A casual reading of the text may not 
bring out the full significance of this test, but a practical trial will lead to a better 
appreciation of its possibilities). If minimum noise output, zero d.c. discriminator 
output voltage, and maximum limiter grid current do not all occur at the same carrier 
frequency, then in general the optimum conditions for impulse noise rejection have 
not been obtained. 

For applications other than domestic receivers the above factors require very care- 
ful attention. 



(ii) Typical circuits for F-M receivers 
(a) Single stage limiter 

A typical single stage limiter is shown in Fig. 29.1, and an alternative arrangement 
is shown for the input circuit in Fig. 29.2. The time constant for R g C g is 2.5 micro- 
seconds in each case. 
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FIG. 29. 1 




FIG. 29.2 



The operation of both circuits is identical, but the damping of the i-f transformer 
due to grid current is less with the arrangement of Fig. 29.1, being approximately 
50 000/2 = 25 000 ohms. The damping in the alternative arrangement is 50 000/3 
= 16 600 ohms. Whichever circuit is used will depend, largely, on the additional 
damping required on the transformer to achieve the required bandwidth or, perhaps, 
upon considerations of practical convenience. The general method of operation 
has been discussed in (i) above. 

If complete valve characteristics are available then a preliminary design can be 
made, but the work involved is hardly worth the effort because of the ease with which 
the practical circuit can be made to give satisfactory results using experimental pro- 
cedures. For a calculation of gain, or overall discriminator sensitivity, it is 
necessary to determine the mutual conductance under the actual operating conditions. 
This can usually be determined, with sufficient accuracy for a preliminary design, 
from the valve data sheets by ignoring the change in plate voltage (provided the 
change in plate current with plate voltage does not fall too far down on the knee of 
the plate characteristics). For example, a type 6AU6 is to be operated with 50 volts 
on the plate and screen, and zero ■grid bias. From the average characteristics relating 
grid No. 1 volts to transconductance, theg m is 4000 micromhos for zero bias, 50 volts 
on the screen and 250 volts on the plate. For typical cases of the type being con- 
sidered, the g m so found is usually about 10% high, and so 3600 micromhos would be 
a closer approximation. Alternatively, the valve can be set up as a straight amplifier 
with the appropriate d.c. voltages applied, and a 1000 ohm resistor connected as the 
plate load. Then with 1 volt of a-f input (from a source of low d.c. resistance) the 
output voltage will equal the g m in mA/volt ; the actual input voltage is selected so 
that the stage just starts to saturate. However, overall measurements of actual cir- 
cuit performance are preferable. 
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(b) Cascaded limiters 

A typical circuit for a two stage (cascaded) limiter is shown in Fig. 29.3. In this 
case the time constant of the grid resistance-capacitance combination is 1.25 micro- 
seconds for the first stage, and 20 microseconds for the second stage. 

It should be noted that the limiters not only have to remove peaks of noise, but 
they must also remove the amplitude modulation introduced onto the frequency 
modulated signal by the receiver circuits which precede the limiters. Methods for 
estimating the percentage amplitude modulation introduced by tuned circuits are 
given in Chapter 26 Sect. 4. It will be realized that A-M introduced by the receiver 
itself makes it more difficult to effectively remove A-M introduced by external noise 
voltage sources. 

For the transformer T, shown in Fig. 29.3, coupling the two limiter stages, it is 
essential that the amplitude modulation introduced by its selectivity characteristic 
should be as small as possible. However, its selectivity characteristic is helpful in 
removing harmonics of the i-f generated by the limiter, and so a practical compromise 
between the two conflicting factors is necessary. A critically-coupled transformer 
is recommended, and the primary and secondary Q's (uncoupled) can be about 30 
for an i-f of 10.7 Me/s. The stage gain will be roughly 6 times depending on the 
circuits constants selected, and the magnitude of the input voltage. 

From the circuit arrangements of Figs. 29.1 and 29.3 it will be noticed that the 
screen voltage is supplied from a voltage divider in each case. This arrangement 
is recommended in all cases, but in mobile communications receivers it will be found 
that many circuits use only a series screen resistor ; the main advantage of this latter 
arrangement is economy in the total H.T. current drawn by the receiver. 



SECTION 2 : AUTOMATIC FREQUENCY CONTROL 

(i) General principles (ii) Discriminators for a.fx. (Hi) Electronic reactances. 

(i) General principles 

Although the description given below of automatic frequency control (a.f.c.) systems 
is confined to simple applications in broadcast receivers, it should not be overlooked 
that the same general principles are applied in many other types of equipment and 
are used, for example, to obtain frequency stabilization in F-M transmitters, micro- 
wave radar receivers and transmitters etc. 

Automatic frequency control in a superheterodyne radio receiver is an arrangement 
for controlling the local oscillator frequency in such a way that, when a signal is being 
received the correct intermediate frequency will be produced. For example, if a 
receiver is manually tuned so that it is, say, 3 Kc/s away from a desired signal the 
oscillator frequency will be varied by the a.f.c. system so as to produce the correct 
intermediate frequency (or at least within 100 c/s or so of the correct value, since 
exact compensation is not possible). Alternatively, the oscillator frequency may drift 
because of temperature or humidity variations affecting the values of the circuit com- 
ponents, and a.f.c. will tend to compensate for this frequency variation.: However, 
the frequency stability of the receiver should be made as good as possible without 
relying on the a.f.c. system. 
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The most useful application of the system in broadcast receivers is with those re- 
ceivers having automatic tuning e.g. push-button station selection, and cam or motor 
driven variable capacitors. In cases of this type the tuning may not be accurate 
over extended periods of time, and a.f .c. may be used effectively to carry out the final 
adjustment when the respective capacitances and/or inductances have been selected 
by the automatic tuning system. 

There are two devices necessary for any a.f.c. system. These are : — 

(1) A frequency discriminator, which must be capable of changing a frequency 
variation into a suitable direct voltage change which can be used for control purposes. 

(2) A variable reactance, whose value can be controlled by the direct voltage changes 
.due to the frequency discriminator. The variable reactance is connected to the 

oscillator circuit in such a way as to control its frequency. 



Signal 



Voltage 



FIG. 29.4 



I-F 
Amplifier 



,i Oscillator 
Voltage 



H 



Frequency 
Discriminator 



Local ! Variable 
Oscillator j Reactance 



.decontrol 



Voltoge 



Audio^ 



Voltage 



The complete arrangement can be visualized with the aid of the block schematic 
of Fig. 29.4. It is seen that the additional elements to those normally found in a 
superheterodyne receiver are the frequency discriminator and the variable reactance. 
The variable reactance in the discussion to follow will be of the electronic type con- 
sisting of a valve (which can be a pentode, a hexode or a heptode) and its associated 
circuits. It will also be inferred from Fig. 29.4 that the frequency discriminator 
can be used for normal detection, since there are suitable audio voltages developed 
in this circuit by the applied modulated i.f. voltage. 

Suitable voltages for a.v.c. are also available from the discriminator output, but 
in this regard it is necessary to point out that a very efficient a.v.c. system is helpful 
in obtaining satisfactory operation from the a.f.c. system. If reasonably constant 
input voltage to the discriminator is not maintained, there will be a variation in the 
" pull-in " and " throw-out " frequencies. Because of the stringent a.v.c. require- 
ments it is fairly common practice to employ a separate diode coupled to the trans- 
former primary, in the usual manner, to provide the a.v.c. bias voltage. There is 
also a disadvantage in taking the a-f voltage from the discriminator output as the 
distortion tends to be fairly high. However, in most commercial receivers the cost 
factor leads to some arrangement such as that of Fig. 29.8. 
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A much more satisfactory method (although considerably more expensive) of 
obtaining a.f.c. is illustrated by the block schematic of Fig. 29.5. In this case the 
valve used as an a.f.c. converter and limiter is loosely coupled to the primary of the 
last i-f transformer. The 455 Kc/s signal is converted to 50 Kc/s to operate the 
a.f.c. discriminator, and the d.c. output voltage then controls the variable reactance 
in the usual manner. The use of limiting is helpful in maintaining a constant am- 
plitude for the voltage to be applied to the discriminator. It will also be noticed 
that the functions of detection and a.v.c. have been separated from the a.f.c. system. 
A complete circuit using this arrangement can be found in Ref. 15 (page 103), to- 
gether with a number of other commercial a.f.c. circuits of various types. 
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(ii) Discriminators for a.f.c. 

The function of the frequency discriminator in an automatic frequency control 
system is to provide a suitable direct controlling voltage for application to the elec- 
tronic reactance. When the receiver is tuned exactly to the signal frequency, the volt- 
age output from the discriminator should be zero, or else have the same value as that 
provided in the absence of a signal, so that the controlled reactance will have its normal 
value. At frequencies above and below the correct frequency the controlling voltage 
should be appropriately above and below the mean voltage. The operation in con- 
nection with a phase discriminator has been discussed in Chapter 27 Sect. 2. The 
manner in which the output voltage will vary with the frequency change for either the 
amplitude or the phase discriminator can be seen from Fig. 29.6. 




FIG. 29.6 



The polarity of the output voltage with frequency change is all important, and, as 
the electronic reactance is practically always inductive in a.f.c. systems used in tunable 
broadcast radio receivers, the polarities of the direct output voltage with frequency 
change as indicated on Fig. 29.6 will be correct. One purpose in making the re- 
actance inductive is so as not to limit the frequency coverage of the receiver. This 
follows because it is often difficult to keep the minimum capacitance of the tuning 
unit to a sufficiently low value, and it is hardly wise to deliberately increase this capacit- 
ance unnecessarily. However, if carefully designed, the undesired added capacitance 
due to the capacitive reactance unit can be made very small. 

The effect of the added parallel inductance can usually be offset fairly readily by 
increasing the inductance of the oscillator coil. With receivers using push-button 
tuning where the circuits are of the preset type either the inductive or capacitive form 
of electronic reactance is satisfactory. For receivers with inductance tuning a capaci- 
tive electronic reactance is usually preferable. The degree of frequency correction 
is not constant over a band of frequencies, and this again suggests an inductive elec- 
tronic reactance when the circuits are tuned by a variable capacitor, since the least 
error is obtained at the low frequency end of the tuning range where the receiver is 
most selective. 

It may be helpful to follow through the steps leading to the polarities shown for 
the direct voltage with frequency change. Suppose the receiver is tuned to a signal 
of 1500 Kc/s. Then the oscillator will be set at 1955 Kc/s to give an i-f of 455 Kc/s, 
and there will be no direct voltage output from the discriminator. If now the oscillator 
drifts to 1957 Kc/s the i-f produced will be 457 Kjc/s, and a direct voltage of negative 
polarity will be produced by the discriminator and applied to the reactance valve. 
The equivalent inductance of the electronic reactance is inversely proportional to 
mutual conductance (g m ) and so, as a more negative bias voltage reduces g m , the 
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shunt inductance across the oscillator coil is increased, the total inductance in the 
oscillator circuit is now increased, thus lowering the oscillator frequency as required. 
The two most commonly used types of discriminator circuits are shown in Figs. 
29.7 and 29.8. The first is generally known as the Round-Travis circuit (see Ref. 
10), and is a typical example of an amplitude discriminator. The secondary circuits 
A and B are so tuned that A has its resonant frequency slightly above the intermediate 
frequency and B is set slightly below the i-f (say +5 Kc/s in one case and —5 Kc/s 
in the other). Each secondary circuit has its own diode detector and the diode loads 
are connected in d.c. opposition, so that when the i-f is greater than the required value 
of 455 Kc/s (and since the voltages developed across i^ and 2? 2 have the polarities 
shown) the voltage across R ± is greater than that across jR 2 and the a.f.c. bias voltage 
is negative as is required for correction of the oscillator frequency. For example, 
the voltage across R x may be 4 volts when that across R 2 is 3 volts, then the available 
a.f.c. bias is —1 volt. 



PUcrimlnotor 




The design procedure for an amplitude discriminator for a.f.c. is set out in detail 
in Ref. 8. Since this type of circuit is seldom used in modern a.f .c. systems the details 
of its operation will not be discussed further. There are a number of alternative 
arrangements for the amplitude discriminator, and some of these are discussed in 
Refs. 8, 9, 11, 15 and 13. It will be appreciated that a circuit of this type could be 
used for F-M detection as an alternative to the phase ch^criminator, and several manu- 
facturers have produced F-M receivers using modified amplitude discriminators 
(see Ref. 39 given at end of Chapter 27, for typical examples). 
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Fig. 29.8 shows the most commonly used circuit, the phase (or Foster-Seeley) 
discriminator. In this circuit both primary and secondary circuits are tuned to the 
intermediate frequency. It will be seen that the circuit arrangement is identical 
with that of the F-M phase discriminator shown in Fig. 27.19, and the general dis- 
cussion of its operation and the loading effects on the transformer apply equally well 
here. The de-emphasis circuit is not required here, of course, but the same general 
arrangements can be retained to provide r-f and a-f filtering, since only a direct control 
voltage is required. Suitable values for the filter circuit are i? 5 equal to 0.5 — 2 M &, 
and C 8 is, say, 0.05 — 0.1 /xF. The considerations governing the choice of the com- 
ponent values can be compared with those for selecting filter components for auto- 
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matic volume control circuits, and a time constant for R s C e of about 0.1 second is 
usual. The circuit arrangement of Fig. 27.17 could also be used here, and, if the 
primary circuit is too heavily damped, an additional series resistor can be inserted 
between the transformer centre-tap and the junction of the diode load resistors R 3 
and R t ; however, this will lead to some loss in available output voltage, depending 
on the value of series resistance selected. The difference in the by-pass capacitor 
arrangements (i.e. C 6 and C 7 ) for Figs. 27.17 and 27.19 (or Fig. 29.8) should be ob- 
served, and the discussion in Chapter 27 Sect. 2, in connection with Fig. 27.19 will 
be helpful, if the reasons for the arrangements are not immediately obvious. The 
considerations leading to the choice of actual circuit values will differ because the 
a.f.c. discriminator is usually designed for high sensitivity rather than for a very high 
degree of linearity. 

The theory of the circuit for a.f.c. use has been discussed by Roder (Ref. 14) and 
design procedures have been treated in detail in Ref. 8. A brief discussion, which is 
quite helpful, is given in Ref. 13. 

The method of obtaining a-f output and a.v.c. bias from the a.f.c. discriminator 
circuit is also shown in Fig. 29.8. To retain the same degree of selectivity as that 
obtained with a similar receiver not incorporating a.f.c. one extra tuned circuit is 
required. This is necessary because the discriminator provides very little selectivity 
as a result of the heavy loading effects produced by the diodes. There is some in- 
crease in gain over the usual arrangement where the a-f detector is connected across 
the i-f transformer secondary only. 

The frequency at which the a.f.c. will come into operation when tuning a signal is 
called the " pull-in frequency." When tuning away from a carrier the frequency 
at which the a.f.c. loses control is called the " throw-out frequency," and it is always 
greater than the " pull-in frequency." It is desirable to make these two frequencies 
as close as possible, because stations which are received when tuning-in may be passed 
over when tuning-out. Many receivers incorporate arrangements for disconnecting 
the a.f.c. until a carrier has been approximately tuned-in (see Refs. 8, 15). 

Some of the general details of the discriminator design will be set out here, and the 
reader is referred to Refs. 8, 9 and 14, in particular, for further information. Con- 
sider Fig. 29.8. Typical values for R s and i? 4 are 0.5 MQ. Capacitors C 5 and C 7 
must give adequate by-passing at the intermediate frequency of 455 Kc/s, and suit- 
able values would be 100 to 200 ni*F. C 3 is usually 100 ppF. Values for R s and C 6 
have been discussed previously. The valve V x is any of the usual voltage amplifier 
pentodes such as type 6SK7 etc., and V t is a double diode such as the types 6H6 or 
6AL5. The next step is to select a suitable value for the inductance of the r-f choke . 




FIG. 

As the inductance and capacitance of the choke will affect the resonant frequency 
of the transformer primary (LiC t ) and its Q, care is necessary. The choke, in associa- 
tion with the transformer primary circuit, can be represented by the equivalent circuit 
of Fig. 29.9 in which g m e g represents the equivalent constant current generator for 
the pentode voltage amplifier ; r v is the plate resistance ; C x is the total primary 
capacitance including strays ; L r is the primary inductance and R x its r-f resistance ; 
C 3 is the capacitor connecting the plate circuit to the choke L (whose r-f resistance is 
^o) '} C represents any distributed or stray capacitances across L ; R dc — R 3 = R t 
the diode load resistance. It should be apparent that three cases can arise with the 
choke (Ref. 14) :— 

(1) The capacitance C negligibly small. 

(2) The capacitance C small enough to still allow the choke to be self resonant 
well above the intermediate frequency, but the value of C to be such as to 
appreciably affect the resonant frequency of the complete primary circuit. 
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(3) The choke resonant at the intermediate frequency. 

It follows from (1) and (2) that L x and C x should have a resultant capacitive reactance 
at the intermediate frequency, and in case (3) L x and C x should be resonant at the 
intermediate frequency. 

Considering the above three cases in conjunction with Figs. 29.9 and 29.8, it can 
be seen that the derivation of the conditions for discriminator transformer primary 
resonance, voltage step down between the transformer primary and the choke, and 
the resultant Q's for the complete discriminator transformer, will follow fairly readily. 
The derivations are available in Ref. 14, and the results, which are good approxima- 
tions, are summarized below (with some modifications, as well as changes in notation). 

Case (1) (Choke capacitance C negligibly small). 
Condition for primary circuit resonance, 

2\. j 2\. r> 2i. ft 

__H ^3 _ °1 ,-, 

2\. r 2\. r XX /-> 

Voltage step down, 

x c 

■- l -sr C2) 

Reciprocal of equivalent primary circuit Q (this leads to simpler numerical evaluation), 
* * X l / 1 1 \ 

Qp <2o Rdc/4 L o\Q r X Li rj 

Secondary circuit Q (since the diode loading is R dc ) is 

QzXz + Rdc 
and this equation applies for the three cases — ■ 
where X L = o>oL = inductive reactance of choke L 

X c = l/io C z == capacitive reactance of C 3 

X u = (OqLj^ — inductive reactance of L x 

X c = I/cdqCx = capacitive reactance of Cj 

<a = 2tt x intermediate frequency 
Qo = magnification factor of choke L 
Qi = magnification factor of L x 
Rdc — Rs = R* = diode load resistance value 
r„ = plate resistance of voltage amplifier valve 
Q 2 = magnification factor of L a 
and X 2 = o)oL z = inductive reactance of L 2 . 

Case (2) (Choke capacitance small but not negligible). 
The angular resonant frequency of the choke is 

« r = vVucl (5) 

X \ = X d V^p) (6) 

where C = distributed capacitance of the choke, and all the other symbols are 

exactly as before. 
Equations (6) and (7) are used directly with eqns. (1), (2) and (3) substituting X' L 
for X L and Q' for Q . 

Case (3) (Choke resonant at intermediate frequency). 

The inductances L a and L 2 are connected in parallel, and a can be taken as unity 
(since X c will be small, compared with the dynamic resistance of L C ), so that the 

equivalent primary circuit reactance required to give parallel resonance is 
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X L 1 X L 

x » = x L + x L ' (8) 

The reciprocal of the equivalent loaded primary circuit Q is 

J_ _ ["_ 1_ 1 1_ 1 "| 

Q, ~ p Lq X Lq + Q,X Li + r P + R ac /4J * (9) 

All notation exactly as for case (1). 

It should be noted in all cases that the loaded Q's refer to the case where the primary 
and secondary are uncoupled from one another. This is the usual definition. 

We are in a position to proceed with the determination of suitable values for the 
primary and secondary circuits of the discriminator transformer, since all the external 
effects can now be taken into account. What is required next are methods for de- 
termining optimum values for Q p , Q t} L v and L,(= L 2 ) where these factors have 
the meanings given by eqns. (1), (3), (4) etc. and L,( = L 2 ) is the secondary inductance 
(since its value is not changed by the presence of the choke). If the choke is not 
used X L = X c = X„ and so L t = L p ; the procedure is then as for any other phase 

discriminator. The design factors, as well as the bandwidth and sensitivity calcu- 
lations given below, apply equally well for all phase discriminators provided the values 
of Q, L and k (coefficient of coupling) so determined are those actually obtained in 
the receiver. 

Optimum values for ky/Q v Q t for various values of LJL V [see Refs. (8) and (9)] 
can be found from 

,.,„ .u r(Q* 2 Q» 2 + 2Q,Q.»L./L,)* - Q 9 Q.-\* m 

6 

0.5781 

0.657 \-KQ v Q s )i. 

0.740 J 

The sensitivity of the phase discriminator at the intermediate frequency (/ ) has 
been derived in Refs. (14) and (8). It is given by, 

„ 2g m Q p X v 7,Q,*(L,/L p )i 



i*U£tb£iJ i — |_ q 


*LJL 9 




Several values are listed below, 






L,/L P = 1 


2 


4 


Qv/Qs = 1/2 0.786 


0.707 


0.625 


Qp/Qs = 1 0.856 


0.785 


0.707 


QJQ. = 2 0.909 


0.855 


0.786 



/o 



(i + Q,Q.ky(i + ^^)* 



(ii) 



and is expressed in direct volts output per Kc/s off tune, for each 1 volt (peak) input 
to the i-f amplifier valve V x (Fig. 29.8). 

The symbols are the same as those used previously, with the addition of g m the 
mutual conductance of V u and 17 is the detection efficiency of the diodes V z . 

It is necessary to estimate the peak separation for the discriminator characteristic 
of Fig. 29.6. This can be found (Ref. 8) from, 

24/" =4- tan 4 (12) 

S2.S 

where * = cos- [ 16 + ( Q^). Li/L J ^ 

For many practical cases it will be found sufficiently accurate to take tan ^ = 1 in 

eqn. (12). 

(iii) Electronic reactances 

There are a number of forms which electronic reactance circuits may take and a 
few of these are given below. 

(1) Resistance in series with a capacitance. This arrangement is shown in Fig. 
29.10, but since the circuit imposes severe resistive loading on the oscillator circuit 
its use is not advised. (See Ref. 10). 
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FIG. 29.10 b+' 

(2) Miller effect circuits. These circuits (Fig. 29.11) rely on the change of 
input capacitance which occurs when the gain is varied. If the plate load can be 
tuned so that it behaves as a pure resistance, then the valve input resistance can be 
made very large. For the circuit shown there will be a resistive input component 
due to Miller effect because of stray capacitance across the load resistor. The applica- 
tion of the circuit is largely confined to use with fixed tuned oscillator circuits. 

Rtactonet Bio1 from 
I Valve D "* , '' mino tof 
LA \ ^k, 




Bias from 
Discriminator 




FIG. 29.12 



(3) Quadrature circuits (Figs. 29.12, 29.13). The grid is fed from a resistance 
reactance network connected between plate and cathode. This provides a voltage 
between the grid and cathode which is almost 90° out of phase with the plate to 
cathode voltage. The source of the alternating plate to cathode voltage is the voltage 
developed across the tank circuit of the oscillator (see Fig. 29.12). Since the plate 
current is in phase with the grid voltage (for valves having high plate resistance) the 
plate voltage and plate current will be approximately 90° out of phase. To the 
external circuit (oscillator tank circuit in this case) connected between plate and cathode 
of the reactance valve the behaviour is as though an additional reactance and re- 
sistance had been connected in parallel. Whether the valve circuit behaves like 
an inductive, or a capacitive reactance depends on the resistance-reactance network ar- 
rangement, as can be seen from Fig. 29.13. 

The value of the apparent reactance and resistance, due to the electronic reactance 
(more correctly electronic impedance) depends on the mutual conductance (g m ) 
of the valve, and as the g m can be controlled by alteration of the grid voltage the 
equivalent reactance and resistance can also be varied (the resistance variation is 
usually undesirable). The required grid voltage variation is obtained by utilizing 
the direct voltage changes at the discriminator output, when the reactance valve is 
used in a.f.c. circuits. Frequency modulation, using this method, is obtained by 
applying the audio frequency modulating voltage to the grid of the reactance valve, 
in the same way as the direct voltage changes are applied for obtaining a.fx. The 
magnitude of the a-f voltage determines the change in the equivalent reactance shunted 
across the oscillator tank circuit, and so determines the frequency deviation from the 
nominal oscillator centre frequency. The number of times the frequency deviates 
around the central reference frequency will be determined by the frequency of the a-f 
modulating voltage. Variation in the value of the shunt resistance, due to the elec- 
tronic reactance, across the oscillator circuit causes undesired amplitude modulation. 

The quadrature circuits are the most widely used for a.f.c. and other purposes, 
and attention will be confined to discussing some of the possible arrangements. 
Fig. 29.12 shows the general circuit arrangement using a pentode valve. A hexode 
or heptode valve can also be used, with the phase shifting network connected to the 
signal grid and the control voltage to the oscillator grid. The impedances Z x and Z 2 
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FIG. 29. 13 



in Fig. 29.12 comprise the phase shifting network. Depending on the form these 
impedances take it will be clear that an additional blocking capacitor may be required 
between plate and grid of the reactance valve, and also, since there must be a d.c. 
path between grid and cathode, an additional grid resistor may be necessary. The 
values for these additional components should be such as to have negligible effect 
on the performance of the circuit. Fig. 29.13 shows four possible arrangements for 
quadrature circuits, together with the equations for the additional resistance (jR<) 
and inductance (L,), or capacitance (C<), connected in parallel with the oscillator tuned 
circuit. Exact and approximate equations are given, but in most practical circuits 
the approximate conditions will hold. The equations apply equally well to quad- 
rature circuits using pentode, hexode or heptode valves. The angular frequency 
w is that at which the oscillator circuit is meant to operate e.g 2n x 1455 Kc/s etc. 
(in the case of F-M this would be the nominal reference frequency). The circuit 
of Fig. 29.13(c) is the one most commonly used in practical a.f.c. circuits in which 
the oscillator is tuned by a variable capacitor. Care is necessary when using circuits 
(b) and (d) as self resonance effects, due to stray capacitances across the inductances 
L t and L l3 often lead to difficulties. Further, the r-f resistances of L % and L x must 
be low if the circuits are to behave as relatively pure reactances. Stray capacitances 
across R t and R z can also affect performance, and should be kept small. 

To carry out the design for an electronic reactance circuit it is necessary to know 
the manner in which g m varies with grid bias. This information is generally available 
on valve data sheets, for a given set of operating conditions. If other operating 
conditions are required, then direct measurement of the g m — e a characteristic is the 
usual procedure. 

It is helpful when designing reactance valve circuits to be able to determine, directly, 
values for C^, LJR U jRiC 2 and LJR 2 in terms of the operating frequency, the 
frequency change required, and the oscillator tank circuit component values. The 
necessary conditions have been determined (Ref. 18) for the circuits (b) and (c) of 
Fig. 29.13, using the approximate relationships for C t and L t and assuming that the 
frequency variation is linear (or very nearly so). For circuit (b) the approximate 
expression is 

L 2 2C f t S 



Ri 



fx 
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For circuit (c) the approximate expression is 

where C — capacitance tuning the oscillator circuit in the absence of the reactance 
valve 
L = inductance of the oscillator tuned circuit in the absence of the reactance 

valve 
S = sensitivity = (J 2 — /^/corresponding change in mutual conductance 

(gm) 

f 2 = high frequency limit of frequency 
and f x — low frequency limit of frequency 

The design procedure is as follows : 

(1) Select fz and f v Suppose the nominal oscillator centre frequency is 1455 
Kc/sj and the oscillator frequency is to vary ± 5 Kc/s. Then / a = 1460 
Kc/s and A = 1450 Kc/s. 

(2) Select a suitable working range on the g m — e 3 characteristics, for the valve 
type to be used, which is as nearly linear as is possible. With a valve type 
6U7-G (250 volts on plate, 100 volts on screen) a suitable operating range is 
from —3 to —10 volts, giving a g m change of 1600—275 = 1325 /imhos. 

(3) Choose a suitable value for L or C if these are not already fixed by other 
circuit considerations. Suppose L = 110 /nH is required in a typical case ; 
this value would be modified slightly in the final circuit, to take care of the 
additional parallel inductive reactance due to the normal value of the elec- 
tronic reactance in the absence of additional bias from the discriminator. 
It is not necessary, usually, to take this inductance change into account 
during the preliminary design. 

(4) Compute the sensitivity (-S) in cycles per mho. For our example 5 = (10 
Kc/s)/1325 /xmhos = 7.54 x 10 6 cycles/mho. 

(5) Determine L 2 /Ri from eqn. (13) or C 2 R t from eqn. (14). Using eqn. (14), 

110 x 10- 6 x 1450 2 x 10 6 

C>Rl = 2 X 1460 X 10* X 7.54 x 10* = 10 ' 5 ^ F X MQ 

(6) Select particular values for L 2 , R x or C 2 to conform to the circuit require- 
ments , remembering the previous restrictions of X L <; R x and X c << R t . 

This should lead to R t being at least 5 times X L or X c , but larger ratios 
are preferable (see below). 

The most convenient procedure is to tabulate various values of R ls L 2 or C 2 and to 
select the most suitable combination giving the product found in step (5) e.g. R t = 
50 000 Q = 0.05 MQ, then C 2 = 10.5/0.05 = 210 wj.F, and so X c = 520 Q. 
This makes 2?i |> X c as required. 

Of course, the actual values of L< and R t can be determined directly from the ex- 
pressions given in Fig. 29.13. R { should always be so determined for the condition 
of maximum g m , after the circuit values have been found, to ensure that the loading 
on the oscillator circuit is not excessive. The value of g m to be used in these equations 
corresponds to the actual bias voltage for a particular operating frequency ; e.g. in 
the above example, with no additional external bias applied, the operating frequency 
is 1455 Kc/s, and die standing bias voltage can be taken as —6.5 volts, corresponding 
to a mutual conductance of 925 ju.mhos. The total parallel inductance and resistance 
changes can be found, using the g m values corresponding to —3 and —10 volts bias, 
which are the values required when the operating frequencies are 1450 Kc/s and 
1460 Kc/s respectively. 

Before completing a design it is necessary to check the amplitude of the oscillator 
voltage applied to the grid of the reactance valve by the phase shifting network. 
This check is necessary as the possibility of grid current might be overlooked. In 
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our example the minimum bias is —3 volts and so the peak r-f grid voltage should not 
exceed about 2 volts if grid current is to be avoided. The proportion of the r-f voltage 
developed across the oscillator tank circuit (and applied between plate and cathode 
of the reactance valve) which appears between grid and cathode of the reactance 
valve is for Fig. 29.13(c) X c /\/X*c + ^i 2 - F° r our example, the voltage step 
down is 0.0104, and so no possibility of grid current exists, as 2 volts peak r-f at the 
grid corresponds to 196 volts peak across the oscillator tank circuit. This is con- 
siderably in excess of the voltage likely to be encountered in a receiver oscillator 
circuit, where 60 volts peak is about the maximum to be expected with any of the 
usual arrangements (it is usually considerably less than this value, depending on the 
type of circuit used). 

Further details of the design of reactance valve circuits for a.f.c. can be found 
in Refs. 8, 9 and 10. A graphical method for determining the " throw-out " and 
" pull-in " frequencies of an a.f.c. system is given in Ref. 8 (p. 260). The difference 
in these two frequencies is reduced by using an electronic reactance which gives 
correction for a limited range of discriminator voltages only ; outside the correction 
range the added reactance should remain practically constant. 
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SECTION 1 : INTRODUCTION TO RECTIFICATION 

(i) Principles of rectification (ii) Rectifier valves and types of service (iii) The use 
of the published curves (iv) Selenium and copper-oxide rectifiers. 

(i) Principles of rectification 

Most electronic equipment requires some form of plate voltage supply which has 
in the majority of cases to be derived from single-phase a.c. mains. It is the purpose 
of this chapter to outline the principles and calculations involved, with particular 
reference to those types of supply required for radio receivers and amplifiers. 

The most general and accepted method of a.c. to d.c. conversion, where very large 
amounts of power are not required, is by valve rectifiers of either the high vacuum 
or mercury vapour type. Selenium and copper-oxide rectifiers are also used — see 
(iv) below. 

Diagram A in Fig. 30.1 shows a sine wave voltage of which the peak and r.m.s. 

A 

values are shown as E„ and \E„\. With ideal half-wave rectification and a re- 
sistive load with no filter, the positive or upper peaks would also represent the load 
current, while the negative or lower peaks would be suppressed ; the average voltage 
would be shown by E d c in the half-wave case. With full-wave rectification the current 
through the load resistance would be similar* each half cycle, the lower peak being 
replaced by the dashed line in A. The direct voltage would be the average voltage, 
i.e., 0.9 of the r.m.s. voltage for a sine wave. For half-wave rectification the average 
direct voltage over a period would be one half that for full-wave rectification under 
the same conditions. 

Fig. 30.1B illustrates ideal full-wavef rectification with a condenser input 
filter (circuit as Fig. 30. IF in which choke L is assumed to have very high inductance 
and zero resistance). The voltage at the first filter condenser C t follows the line 
ABA'B', the condenser charging between A and B but discharging between Band A'. 

•In practice there is always some lack of symmetry caused by a combination of small factors such as 
the use of one end of trie filament as cathode return in place of a centre-tap, variations in characteristics 
between the two units in the rectifier and variations in transformer secondary voltages and impedances 
on both sides of the centre-tap. As a result there is usually a substantial amount of mains frequency 
ripple with full-wave rectification, although the twice-mains-frequency ripple voltage predominates. 

tAlso known as biphase half-wave. 
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Fig. 30.1. (A, B, C & D). Voltage 
and current waveforms of condenser 
input and choke input rectifier systems. 
The symbols on the left are those used in 
Section 2. 




FIG. 30.1 



The mean level of ABA'B' is the effective direct voltage. The shaded area above 
the curve AQB represents the voltage by which the transformer voltage exceeds that 
of C v The current through the plate circuit of the rectifier only flows for the interval 
between A and B and between A' and B' because at other parts of the cycle the trans- 
former voltage is below the voltage of C r . The current through the rectifier, shown 
in Fig. 30. 1C, is similar in form to the difference in voltage between the curves APB 
and AQB in Fig. 30.1B. 

The ripple voltage may be determined from the ABA'B' curve, and the values of 
the fundamental and harmonics may be determined by a Fourier analysis. 

As the load resistance (R L in Fig. 30.1F) is increased, BA' becomes more nearly 
horizontal and the area APB becomes smaller until in the extreme (theoretical) case 
when the load resistance is infinite the direct voltage is equal to the peak voltage. 
This graphical method may be applied to any rectifier with a condenser input filter 
followed by a high inductance choke. The assumption is made that the current 
through the inductance remains constant, that is to say that the lines BA', B'A" etc. 
are straight. 

With a (full wave) choke input filter* the conditions are as shown in Fig. 30. ID 
assuming a very high inductance choke (L a in Fig. 30. 1G), although with practical 
''hokes there will n"'~' ic saril w be a certain amount of ri^^le ixi the load current. 



• The term "choke input" is used for convenience in this Handbook to indicate a series inductance 
followed by a capacitance shunted across the load resistance. 
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Fig. 30.1E. Basic circuit diagram of 

half-wave rectifier with condenser input 

filter. 




Fig. 30. IF. Basic circuit diagram of 

full-wave rectifier with condenser input 

filter. 




FIG. 30. IF 



Fig. 30. 1G. Basic circuit diagram of 

full-wave rectifier with choke input 

filter. 
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Maximum ratings 

Rectifier valves are usually rated for maximum direct-current per plate, maximum 
peak current per plate, maximum peak inverse plate voltage and maximum r.m.s. 
supply voltage per plate. In some cases a maximum rated hot-switching transient 
(or surge) plate current per plate (for a specified maximum time, e.g. 0.2 second) is 
also given. It is important to ensure that no one of these ratings is exceeded under 
the conditions of operation. If the ratings are design centre values — see pages 77 
and 78; — they apply to nominal mains voltages. 

Maximum direct current per plate 

This may be measured by a d.c. milliammeter in series with R L (Figs. 30.1 E, F 
or G). 

Maximum peak current per plate 

This may either be measured by means of a C.R.O. or calculated by the method 
described in Section 2 or 3 for condenser or choke input respectively. It is largely 
influenced by the total effective plate supply impedance per plate, and in any case 
where the peak current is too high, it may be reduced by adding a resistor in series 
with each plate or by increasing the effective impedance of the transformer to give 
the same result. The method of calculating the plate supply impedance per plate 
for a transformer is given on page 99. In cases where no transformer is used, as in 
a.c./d.c. receivers, a resistor should be connected in the plate circuit to limit the peak 
current to a safe value. It is good practice in all cases to limit the peak current to a 
value below the maximum rated value, to give a margin for safety and longer life. 

Maximum peak inverse plate voltage 

This is 1.41 times the r.m.s. voltage of the whole secondary winding of the trans- 
former in Fig. 30.1E, F or G. 

Maximum r.m.s. supply voltage per plate 

A higher r.m.s. supply voltage is usually permitted with a choke input to the filter 
than with condenser input to the filter. In some cases, with a condenser input to 
the filter, a higher r.m.s. supply voltage per plate is permitted provided that the 
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direct plate current is reduced below its maximum rating and that the total effective 
plate supply impedance per plate is increased for the higher voltage conditions (e.g. 
Fig. 30.2A). With a choke input to the filter, the maximum r.m.s. supply voltage 
per plate is sometimes only permissible provided that the direct plate current is 
reduced below its maximum rating (e.g. Fig. 30.2C). With a choke input to the filter, 
it is essential to have a choke inductance not less than the critical value for the 
particular operating condition in question. The critical inductance is a function of 
the load resistance and the frequency of the supply, as given by eqns. (1), (2) and (3) 
in Sect. 3. 

For any value of inductance, with constant r.m.s. supply voltage, there is a value 
of current below which operation is not permitted. This is shown in Fig. 30.2C 
where boundary lines for choke sizes are included. 



Equivalent circuit of high vacuum rectifier 

The high vacuum rectifier can be considered as being an ideal switch in series 
with a non-linear resistance and a source of potential which is connected by the switch 
to the load when the polarity is that required by the load (Ref. 7). As the switching 
gives rise to pulsating currents (and voltages) it is necessary to assume a linear resistance 
which is equivalent to the non-linear effective resistance of the rectifier during this 
pulsating or conduction period. The conduction period (<£), and therefore also the 
magnitude of the current pulse, will depend on the loading and the type of filter 
connected to the rectified supply. Certain approximations which must be made for 
the first calculation should be readjusted when the results are known, in order that 
a second and more accurate calculation can be made. 



Mercury vapour rectifiers 

In the case of mercury vapour rectifiers the voltage drop in the valve is a constant 
value of the order of 10 to 15 volts over a wide range of currents. These rectifiers 
are generally used with choke input filters to provide good regulation for class B 
amplifiers. 

The direct voltage output of such a system is equal to 0.9 times the r.m.s. value of 
the input voltage minus the valve voltage drop — 

e.g. Output voltage = (0.9 E rms — 15) volts. 



(ii) Rectifier valves and types of service 

Rectifier valves may be subdivided into the following groups : — 

(1) High vacuum (a) High impedance (e.g. 5Y3-GT) 

(b) Medium impedance (e.g. 6X4, 5R4-GY) 

(c) Low impedance (e.g. 5V4-G, 35Z5-GT) 

(2) Mercury vapour — (e.g. 82, 83). 

The choice of a rectifier valve for a particular service must take into account the 
maximum permissible ratings for peak current, average current, and peak inverse 
voltage. The design of the following filter will influence these last two factors par- 
ticularly ; the type of filter, either choke or condenser input, will be determined partly 
by the demands of power supply regulation. In supplies feeding Class A output 
stages the choice will probably be a condenser input filter, but where Class AB X and 
AB 2 output stages are to be supplied, the regulation of the power supply becomes 
a significant feature and choke input filters with low impedance rectifiers must be 
used. 



30.1 (ii) RECTIFIER VALVES AND TYPES OF SERVICE 1165 

The following examples represent typical practice — 
A.C radio receivers with Class A power stage : — 

High vacuum full wave (e.g. 6X4, 5Y3-GT, 5U4-G). 

A.C. radio receivers with Class ABi power stage : — 

With self bias— high vacuum full wave (e.g. 5Y3-GT, 5U4-G, 5R4-GY, 5V4-G) 
With fixed bias — low impedance high vacuum full wave (e.g. 5V4-G). 

A.C./D.C. radio receivers : — 

Indirectly-heated low impedance high vacuum half-wave types with heaters opera- 
ting at 0.3 A or 0.15 A (e.g. 25Z6-GT or 35Z5-GT). 

In England, heaters operating at 100 mA are widely used. 
Battery operated radio receivers with non-synchronous vibrators : — 

Indirectly-heated low or medium impedance high vacuum full-wave types (e.g. 6X4). 

Amplifiers : — 

As for radio receivers except that mercury vapour types may also be used. 

In general for radio receiver and small amplifier design high vacuum rectifiers are 
to be preferred to mercury vapour types because of — 

(1) long and trouble-free service ; 

'(2) the lower transformer voltage which can be used for the same d.c. output voltage 
when a condenser input filter may be used ; 

(3) self protection against accidental over-load due to the fairly high internal 
impedance of the rectifier. Use can only be made of this last point when the 
supply is for use with a Class A output stage, when good regulation is not a 
major consideration and a high impedance rectifier may be used. 

With directly-heated rectifiers it is generally found preferable to connect the positive 
supply lead to one side of the filament rather than to add the further complication of 
a centre-tap on the filament circuit. 

Parallel operation of similar types of vacuum rectifiers is possible but it is preferable 
to connect together the two sections of a single full wave rectifier and to use a second 
similar valve as the other half-rectifier if full-wave rectification is required. With 
low impedance rectifiers as used in a.c./d.c. receivers (e.g. 25Z6-GT) it is desirable 
to limit the peak current by some series resistance. When two units are connected 
in parallel it is also desirable to obtain equal sharing, and in such cases a resistance of 
50 or 100 ohms should be connected in series with each plate, then the two units are 
connected in parallel. 

Mercury vapour rectifiers may only be connected in parallel if a resistance sufficient 
to give a voltage drop of about 25 volts is connected in series with each plate, in order 
to secure equal sharing of the load current. 

(iii) The use of the published curves 

From published curves on rectifier valves it is possible to predict the output voltage 
of a rectifier system when provided with the knowledge of the transformer voltage. 
For this purpose, use may be made of either the constant voltage curves or the constant 
current curves. 

A family of curves is normally published both for condenser-input and for choke- 
input filters. In the former case the source impedance must be known ; it is usually 
published as the total effective plate supply impedance per plate. 

An example of constant voltage curves, in this case applying to a condenser-input 
filter, is given in Fig. 30.2A. Each curve is for a specified constant supply voltage 
per plate ; for intermediate voltages it is possible to interpolate with sufficient accuracy. 

In this particular case there is the rather unusual feature of one value of total effective 
plate supply impedance per plate for the lower voltage curves (1 to 5) and a higher value 
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for the higher voltage curves (6 to 8). It is always permissible to adopt a higher value 
of total effective plate supply voltage per plate than that shown on the curves, but the 
direct voltage output will thereby be decreased somewhat. Operation is only per- 
missible on, and below, the line formed by the highest curve and the " current and 
voltage boundary line " ADK. These curves only apply to one specified value of 
capacitance input to the filter, in this case 10 /xF. 
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Fig. 30.2A. Operation characteristics for a typical full-wave rectifier (5Y3-GT) with 

condenser input filter. 
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The effect of change in the value of capacitance input to the filter is indicated 
typically by Fig. 30.2B, where curves for 3 values of capacitance are drawn. A 
higher capacitance gives better regulation and a higher output voltage, but increase 
in capacitance beyond a certain value (here about 16 fiF) has only a very slight effect. 
If curves are only drawn for one specified value of input capacitance, operation with 
a higher value is not permissible unless this has been demonstrated by measurement 
or calculation to be within the peak current rating of the rectifier. 

Curves for a typical full wave rectifier with choke input are given in Fig. 30.2C. 
Operation is only permissible in the area to the right of the boundary line corres- 
ponding to the proposed choke size, to the left of the current and voltage boundary 
line CEK, and below the highest curve for a choke of infinite inductance. If the 
direct current varies between two limits, it is important to select a value of inductance 
at least equal to, or preferably higher than, the value required for the lower limit of 
direct current ; the inductance should be measured at the lower limit of direct current. 

The constant current curves (of which an example is given in Fig. 30.3) are very 
helpful for deriving certain information. If it is required to find the input voltage 
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Fig. 30.2B. 



Operation characteristics for a typical full-wave rectifier (5T4) with 
condenser input filter ■, showing effect of input capacitance (C). 
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to give 250 volts 100 mA direct current, a vertical is drawn upwards from an output 
voltage of 250 volts to point P on the 100 mA curve. From here a horizontal line is 
drawn which intersects the vertical axis at 277 volts, which is the desired value. 

The line OD is for equal input and output voltages. Above and to the left of this 
line the output voltage is less than the input voltage ; below and to the right of this 
line the output voltage is greater than the input voltage. 

Each of the points A, B, C etc. at which the several current lines cut the vertical 
axis indicates the combined effective voltage drop in the valve and the transformer ; 
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Fig. 30.2C. Operation characteristics for a typical full wave rectifier (5Y3-GT) with 

choke input filter. 
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OUTPUT VOLTAGE (b.C) 



FIG. 30.3 



Fig. 30.3. Constant current curves for a 5Y3-GT rectifier ; condenser-input filter with 
capitance 8fiF and effective plate supply impedance 80 ohms per plate. 

in other words it is the input voltage required to maintain the specified load current 
with the load terminals short-circuited. 

The line OE is the theoretical limit of output voltage with no load-current, and is 
drawn to correspond to an output voltage of 1.414 times the r.m.s. input voltage. 

The regulation of the output voltage with varying load currents is indicated by Fig. 
30.3. If the input voltage is 250 volts, a horizontal line may be drawn as in XY and 
vertical lines may be drawn at each intersection with the constant current curves. 
Line FG is for no load-current, while LM is for 100 mA load current. For this 
example the output voltage will be seen to drop from 354 volts at no load-current 
to 213 volts at 100 mA load-current. 

It should be noted that the results given by any form of valve curves are only correct 
for the set of conditions for which the curves were derived. 



(iv) Selenium and copper oxide rectifiers 

Selenium and copper oxide rectifiers have been used for miscellaneous applications 
such as for grid bias supplies and instrument rectifiers. Recentiy, selenium rectifiers 
have been widely used as plate supply rectifiers in radio receivers. 

Both types differ from thermionic rectifiers in that they have appreciable reverse 
current. When used within their ratings, selenium rectifiers normally have a long 
life, although a small percentage of breakdowns occurs throughout life. 

Copper oxide rectifiers are limited to a temperature rise of about 15°C while selenium 
rectifiers may be operated at higher temperatures. Selenium rectifiers are smaller 
and lighter than copper oxide types, for the same operating conditions. 

For further information see Refs. 14, 17, 21, 23, 24, 25, 26, 33. 
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SECTION 2: RECTIFICATION WITH CONDENSER INPUT 

FILTER 

(») Symbols («) Rectification with condenser input filter (Hi) To determine 
peak and average diode currents (iv) To determine ripple percentage (v) To determine 
the transformer secondary r. m.s. current (vi) Procedure when complete published data 
are not available (vii) Approximations when the capacitance is large (viii) Peak 
hot-switching transient plate current (ix) The effect of ripple. 

(i) Symbols and definitions 

A 

r d Effective peak resistance of diode, defined as the anode voltage at the con- 
duction peak divided by the anode current at that time. 

r d Effective average resistance of diode, defined as the average anode voltage 
during the conduction period divided by the average anode current during 
that time. 

\r d \ Effective r.m.s. resistance of diode, defined as the diode anode dissipation 
divided by the square of the r.m.s. anode current. 

R, Total resistance in series with diode including transformer winding resistance 
and any series resistance added to limit the diode peak current. 

A A 

R, Equal to r d + R a 
R, Equal to r d + R$ 

A 

i d Peak diode current (one anode) 
i d Average diode current (one anode) 
\i d \ r.m.s. diode current (one anode) 

A 

e d Diode anode voltage at peak of conduction period 

R L Load resistance presented to rectified supply 

I L Load current from rectified supply 

E ie Rectified direct output voltage across load resistance 

A 

E^ Peak value of alternating input voltage to rectifier 

\E ^\ R.M.S. value of alternating input voltage to rectifier 

C Capacitance of first filter capacitor in farads 

to 2tt x supply frequency in c/s 

\E R \ R.M.S. value of ripple voltage existing across condenser C 

E v Peak-inverse voltage across diode 

\I R \ R.M.S. value of ripple current through condenser C 

\E R \ r.m.s. ripple voltage 

^ — = -r. -, : — j = ripple factor. 

E de direct voltage across load 

(ii) Rectification with condenser input filter 

It has been stated in Sect. l(i) that the nature of the rectified current is pulsating 
and that it is necessary for the purpose of this simple equivalent circuit to convert 
the non-linear resistance of the diode to an equivalent linear resistance. For con- 
denser input filters it can be shown (Ref. 6) that the relationship : — 

r d = 0.88 f d = 0.93 \r d \ 
is correct within 5% for all circuits of this type and from the following graphs it is 
possible to assess the characteristics of a condenser input rectifier system. 

Fig. 30.4 gives curves for a number of high vacuum rectifiers from which values 

A 

of their peak resistance r d can be found. Figs. 30.5 — 30.7 (based on Schade, Ref. 6) 
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Fig. 30 A. Average anode characteristics of some rectifier valves {based on Ref. 6, with 
additions). The value of r d for any rectifier at any diode current may be determined by 
dividing the diode anode voltage by the diode current. 



Valve 


Curve 


Valve 


Curve 


Valve 


Curve 


Fafoe 


Curve 


1A3 


10 


6AQ6 


19 


6W4-GT 


2 


35Z5-G7 


2 


1B3-GT/8016 


21 


6AR7-GT 


18 


6X4 


8 


45Z3 


17 


1-V 


7 


6AT6 


19 


6X5* 


7 


45Z5-G7 


1 


2X2-A 


19 


6AV6 


18 


6ZY5-G 


9 


50Y6-GT 


4 


5R4-GY 


11 


6B6-G 


18 


7B6 


18 


80 


14 


57/4 


6 


6B8* 


18 


7C6 


18 


81 


16 


5U4-G 


10 


6G8-G 


18 


7E6 


18 


83 V 


4 


5V4-G 


4 


6H6* 


12 


7E7 


18 


84/6Z4 


7 


5R74* 


13 


6Q7* 


18 


12Z3 


4 


117N7-GT 


2 


5X4-G 


10 


6R7* 


18 


25 Y 5 


9 


117Z3 


3 


5Y3-GT 


14 


6SF7* 


18 


25Z5 


4 


117Z6-G7 


3 


5Y4-G 


14 


6SQ7* 


18 


25Z6* 


4 


217-C 


16 


5Z3 


10 


6SR7* 


18 


351F4 


2 


836 


6 


5Z4* 


5 


6577* 


18 


35Z3 


15 


878 


20 


6AL5 


3 


6SZ7* 


18 


35Z4-G7 


2 







* Includes G or GT equivalents. 
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Kf*ife 




IO 100 

*iCR L (fc IN FAPADS.RJN OHMs) 



W300 



Fig. 30,5, Ratio of rectified {direct) output voltage to peak a.c. rectifier input voltage 
expressed as a percentage, as a function of wCR L for a half -wave rectifier with a condenser 
input filter (JRef. 6). 



30.2 (ii) RECTIFICATION WITH CONDENSER INPUT FILTER 1173 

A 

are curves from which can be found the relationship between E dc and E^ for half- 
wave, full-wave and full-wave voltage doubler circuits in terms of other circuit para- 

A 

meters. Curves of the ratios of effective \i d \ and peak i d diode currents to the direct 
current per anode i d are given in Fig. 30.8 ; Fig. 30.9 gives details of the ripple factor 
and Fig. 30.10, the peak inverse voltage (all based on Ref. 6). 
The design considerations to be borne in mind when using these curves are : — 

(1) The value of the capacitance C is usually chosen with regard to the maximum 
permissible ripple in the output (see below) but if \E„ | is limited to a certain value 
and the maximum E dc is to be achieved, C may be increased above this value. In 
doing this due regard must be given to the maximum permissible peak current of the 
rectifier and, if necessary, limiting resistors placed in series with the anodes of the 
rectifier. 

(2) In order that the direct voltage should not be closely dependent upon the value 
of C, the value of a>CR L must be on or to the right of the knee of the appropriate 
curve in Fig. 30.5, 30.6 or 30.7 as required by the type of rectification. 




i io ico 1,000 

U»CR U (C IN FARADS, R L IN OHMS) F | G , 30.6 

Fig. 30.6. Ratio of rectified (direct) output voltage to peak a.c. rectifier input voltage, 
expressed as a percentage, as a function of wCRifor a full-wave rectifier with a condenser 

input filter {Ref. 6). 



1174 (iii) TO DETERMINE PEAK AND AVERAGE DIODE CURRENTS 30.2 

(iii) To determine peak and average diode currents 

This method is for use when complete published data are available such as are usually 
supplied by the operation characteristics or equivalent published data. 

The procedure is illustrated by an example based on type 5Y3-GT as a full wave 
rectifier under the following conditions : 

r.m.s. voltage = |2?J = 350 volts, 




IO IOO 

wCR L (C IN FARADS R L IN OHMS) 



I.PO0 



Fig. 30.7. Ratio of rectified (direct) output voltage to peak a.c. rectifier input voltage, 
expressed as a percentage, as a function of wCR r for a condenser-input voltage doubler 

(Ref6). 



30.2 (iii) TO DETERMINE PEAK AND AVERAGE DIODE CURRENTS 1175 



load current = I L = 125 mA 

voltage across load = E dc = 350 volts (from Fig. 30.2A), 
load resistance = R L = 350/0.125 = 2800 ohms, 

total effective plate supply impedance per plate = R s = 50 ohms (from Fig. 30 2A), 
C = 10 [iF (from Fig. 30.2A), 
/ = 60 c./s (from Fig. 30.2A), whence a> = 378. 



10.6. 



oCR L = 378 x 10 x 10" s x 2800 

Step 1. Determine -^% = — — = = 70.7%. 
£ 35vy2 

Step 2. From Fig. 30.6, knowing c»CR L = 10.6, we obtain 

RJR L = 13.5%, 
whence R s =- 13.5_ x 2800/100 = 378 ohms. 

Step 3. r d = R, - R„ = 378 - 50 = 328 ohms. 

A _ 

Step 4. r d = 0.88 r d = 0.88 x 328 = 288 ohms. 
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Fig. 30.8 (above). Ratio of r.m.s. diode current to average diode current for one anode, 
expressed as a function of coCR L ; (below) Ratio of peak diode current to average diode 
current for one anode, expressed as a function of coCR L (Ref. 6). 
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Step 6. ^% = ^00 x 100 

Step 7. Knowing that « = 2 for full wave rectification, 



12.1% 



nR, 



12.1 



% = 6.05%. 



Step 8. From Fig. 30.8 (lower) where nwCR L = 21.2 we may obtain 

L* = 6. 

Step 9. The average diode current i d : 

T d = I L for half-wave circuits and full-wave voltage doubler circuits, 
id — \Il f° r full-wave circuits. 

In this example i d = 125/2 = 625 mA. 

Step 10. The peak diode current, is obtained by substituting the value of i d 
given by Step 9 in the result of Step 8. In the example 

i d = 6 *' d = 6 x 62.5 = 375 mA. 
(N.B. the maximum rating is 400 mA). 



ioo 

80 
60 





























■"1 — 1 I'l lllll ■ 






























JCUIT 


PARAMETER I 




























-II 






























WAVE 
-0OUBLER 

WAVE 


A %I r ,K"l " 


























































f 

A 


.0-1 

■;.'.. t-o ~ 

30 

'"■••oi 
10 

1-0 

10 _ 

30 - 






^ 










A 












" HALF- 








^ 


,v 


s 
















VOLTAGE 












■s 
















FULL- 


































































































































\^v \ 






































O 
































A 










































\ 


V 






































> s 














































































































-AVv 




































V ^v v /* 




































^ I Oiv 


■V^i 




































o 










































































V 











































B 20 40 60 80 SCO 4O0 SCO 2,000 

O 00 600 IJ0OO 

jCP u (C IN FARADS, R L IN OHMS) 3Q 9 



Fig. 30.9. Curves for the determination of the ripple factor of condenser input finer 

rectifier circuits (Ref. 6). 



30.2 



(iv) TO DETERMINE RIPPLE PERCENTAGE 



1177 



(iv) To determine ripple percentage 

Having determined the peak diode current, we may then proceed to calculate the 
other unknowns. The same example as in (iii) above is also used here. 

Step 1. \r d \ = r d /0.93 = 288/0.93 = 310 ohms. 

Step 2. \R t \ = R s + \r d \ = 50 + 310 = 360 ohms. 

\R t \ ' 360 

Step 3. L% = __ x 1Q0 = 12-go/o- 

Step 4. Applying this value to Fig. 30.9 (note the values shown in the inset, 
applying to the various curves), and using the value of coCR L determined above, 
the percentage of ripple voltage to direct voltage is given. 

ID I 

Inthe example, -=^- = 12.8% (full wave) and wCR L = 10.6 giving 
ripple voltage _ 

— 3.3 / . 



direct voltage 

The ripple voltage \E R \ 



ripple percentage x direct voltage. 



(v) To determine the transformer secondary r.m.s. current \i d \ 
Knowing the value of i 6 as determined in (iii) Step 9 above, also the values of n, 

o>CR L and \R S \/R L3 Fig. 30.8 (upper curves) will give the value of \i d \. 
In the same example i d = 62.5 mA ; » = 2 ; taCR L = 10.6 and \R S \/R L = 12.8%, 

so that \i d \/i d = 2.25 and \i d \ = 62.5 x 2.25 = 140 mA. 

(vi) Procedure when complete published data are not available 

Step 1. To determine i d . 
i d = I L for half-wave circuits and full-wave voltage doubler circuits, 
i d — \I L for full-wave circuits. 

A _ 

Step 2. The diode peak current i d is tentatively assumed to be 6 i d . Alterna- 
tively, if the output voltage is known, the current ratio may be derived from Fig. 
30.10A. 

Step 3. From Fig. 30.4, and knowledge of the valve type, the diode peak plate 

A A AAA 

voltage e d corresponding to i d can be found. Therefore r d = e d /i d can be evaluated. 




Fig. 30.10. Ratio of operating peak inverse voltage to peak applied a.c. for rectifiers 
used in condenser input filter circuits. 
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A A 

Step 4. Calculate R 8 = r d + R 3 . 

A 

Step 5. Using Fig. 30.8 (lower curves)j and knowing ncaCR L , R s and nR L , 

A — 

determine i d /i d . If this differs appreciably from the assumed value, repeat steps 
3, 4 and 5. 

Step 6. Calculate \r d \ = r d /0 93. 

Step 7. Calculate \R S \ = R, + \r d \. 

Step 8. Calculate the percentage \R a \/R L and apply to Fig. 30.9 to determine 
the ripple percentage. 

Step 9. Calculate \R a \/nR L and apply to Fig. 30.8 (upper curves) to determine 
I* d I A<j} and thence |i'<j| which is the transformer secondary r.m.s. cuirent. 

Step 10. Calculate r d = r„/0.88._ 
Step 11. Calculate R, = R, + r d . 
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30 40 60 80 100 

n, „ . „ , Direct Output Voltage (Edc) 

%Vo taqe Rat o = „ , . * „ , * v °- cy ,«. ^ 

™ * n x Peak A.C. Voltage per Plat* (e„) 

FIG. 30.)0A 

Fig. 30.10A. This curve is for full-wave, half -wave and voltage-doubler rectifiers with 
condenser-input filters. It applies for any size of condenser so long as the condenser is 
large enough to give maximum output voltage for the given output current and r.m.s. 
voltage input. For half-wave and voltage-doubler rectifiers the direct current per anode 
i rf = I j I for full wave rectifiers i d = \l L . 

n = 1 for full-wave and half-wave rectifiers. 

n = 2 for voltage doubler rectifiers. 
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Step 12. Calculate the percentage R S /R L . 

Step 13. Using Fig'. 30.5 for half wave rectification, 

or Fig. 30.6 for full wave rectification, 

or Fig. 30.7 for voltage doubler circuits, 

A 

determine the percentage E dc /E„. 

Step 14. The transformer secondary r.m.s. voltage per plate is given by 

_ 70^ 

1 " ' A 

percentage E d JE„ 
Step 15. The peak inverse voltage under operating conditions is given by Fig. 

A 

30.10, but the peak inverse voltage under no-load conditions is equal to 2E„ and 
the latter must not exceed the valve rating. 

Step 16. It is then necessary to confirm that none of the maximum valve ratings 
has been exceeded. 

Example of procedure when complete published data are not available. 

Assume type 5Y3-GT as full wave rectifier with E de = 350 volts, I L = 125 mA, 
R„ = 50 ohms,/ = 60 c/s, C = 10 jaF. We may derive direcdy R L = 2800 ohms, 
n = 2, co = 378, ojCR l = 10.6. 

Step 1. i d = J I L = 62.5 mA. 

A - 

Step 2. Assume i d = 6 i d = 375 mA. 

A 

Step 3. From Fig. 30.4, curve 14, e d = 123 volts. 

AAA 

iherefore r d = eji d = 123/0.375 = 328 ohms. 

Step 4. R s = r t + R s = 328 + 50 = 378 ohms. 
Step 5. Fig. 30.8 (lower curves), where ncoCR L = 21.2 

R s 378 x 100 

A _ 

gives i d /i d = 5.8, which differs so slightly from the assumed value of 6 that the cal- 
culated values of effective diode resistance may be taken as sufficiendy accurate. 

A — 

If the value of i d /i d) as calculated above, differed appreciably from the assumed value, 
it would be necessary to repeat steps 3, 4 and 5. 

A 

Peak current *„ = 5.8 x 62.5 = 362 mA. 

Step 6. \r d \ = r d /0.93 = 328/0.93 = 352 ohms. 
Step 7. \R,\ = R 3 + \r d \ = 50 + 352 = 402 ohms. 
Step 8. (\R S \/R L ) x 100 = 402 X 100/2800 = 14.4%. 
Applying to Fig. 30.9 with <oCR L = 10.6 gives ripple percentage = 5.5%. 
Step 9. _(\R s \/nR L ) x 100 = 7.2%. Applying this to Fig. 30.8 (upper curves) 
gives 1**1/1* = 2.2. 

Therefore transformer secondary r.m.s. current = 2.2 x 62.5 = 138 mA. 

Step 10. r ± = r d /0.88_= 328/0.88 = 373 ohms. 
Step 11. R ± = R, + r d = 50 + 373 = 423 ohms. 
Step 12. (R,/Rj) X 100 = 423 X 100/2800 = 15.1%. 

Step 13. Using Fig. 30.6, E de /E„ = 68.8%. 

Step 14. The transformer secondary r.m.s. voltage per plate is equal to 
70.7 x 350 

68.8 = 360volts - 
It will be noticed that these values agree within 3% with those determined by the 
other procedure. 
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(vii) Approximations when the capacitance is large 

Figs. 30.5, 6 and 7 indicate that, when a certain value of a>CR L has been reached, 
all curves flatten out. In other words, if we increase the value of the input capacit- 
ance C, the output voltage and hence the output current remain constant above a 
certain value of C. Similarly with the peak current, as indicated by Fig. 30.8. 

It is therefore possible to adopt a simplification when the input capacitance is 
sufficiently large so that any further increase in C does not have much effect on the 
direct voltage output. Fig. 30.10A enables the ratio of peak to average (direct) cur- 
rents to be calculated from a knowledge of the voltage ratio and the type of circuit. 
It may be used as a fair approximation for most typical radio receivers in which 
C ^ 16 /xF for full-wave or 32 fiF for half- wave operation. It should not be used 
in cases where the circuit impedance is very low, such as a half-wave rectifier in trans- 
formerless receivers with no added resistance. 

A further approximation, which holds under the same conditions as outlined 
above, may be used when it is desired to reach the maximum rated direct current 
per plate and the maximum rated peak current per plate simultaneously, when the 
latter is six* times the former. Under these conditions 

R t ph 0.06 nR L 

A A 

where R, = r d + R, 

A 

r a = effective peak resistance of diode 
R, = total effective plate supply impedance per plate 
n = 1 for half-wave rectification 
= 2 for full-wave rectification 
and R L = load resistance. 

Also under the same conditions 

E dc =0.69 X peak supply voltage 

= 0.975 x r.m.s. supply voltage. 
N.B. These relationships are derived from Figs. 30.8 and 30.10A. 

(viii) Peak hot-switching transient plate current 

The peak hot-switching transient plate current is the current which the diode 
must carry if the load resistance R L is short-circuited. This occurs in a practical 
case when a diode is " hot-switched." The peak hot-switching transient plate cur- 
rent is given by (Ref. 15) : 

A 
/- = E ~ 



Rs + fctg 
A 

where I max = peak hot-switching transient plate current in amperes 

A 

E„ = peak alternating voltage per plate 

R, = total effective plate supply resistance per plate 

A 

and r ds = diode resistance when hot-switching current is at its maximum. 

A 

The value of r ds may be derived from Fig. 30.4, by extending the curves upwards 
if necessary. If the hot-switching current is greater than 1 ampere, but less than 10 
amperes, the resistance may be read from the curves at one tenth of the current value, 
and the resistance value so derived must then be multiplied by 0.47 (this has an 
accuracy within about 2% for curves 1 to 17 inclusive). For example, type 5Y3-GT 
has a rated maximum hot-switching transient plate current of 2.2 amperes per plate. 
The diode resistance at a plate current of 220 mA is given by Fig. 30.4 curve 14 as 

A 

85/0.22 = 386 ohms. The diode resistance r as at a plate current of 2.2 amperes is 
therefore 386 x 0.47 = 182 ohms. Continuing with the same example, i f the peak 

•This ratio is very commonly used in diode ratings. 
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alternating voltage per plate is 350-\/2, and the peak hot-switching transient current 
is not to exceed 2.2 amperes, then 

R* + r d , = 350 x 1.41/2.2 = 225 ohms. 

A 

But r ds = 182 ohms. 

Therefore R, = 43 ohms minimum. 



(ix) The effect of ripple 

The filter condenser C is required to carry a substantial ripple current, the value 
of which is given approximately by 



or 17*1 
where a 



/ 






\E S \ cd C for half- wave rectification 
\E R \2<aC for full-wave rectification 

277/ 

supply frequency 

ripple voltage r.m.s. 

ripple current in amperes r.m.s. 



and C is measured in farads. 

For example, with a supply frequency of 60 c/s, full-wave rectification and C = 
10 fiF, a ripple voltage of 20 volts r.m.s. will cause a ripple current of 150 mA. This 
is the maximum permissible for a dry electrolytic condenser with 450 V working 
voltage, under JAN-C-62 specification [Chapter 38 Sect. 3(x)]. The maximum 
permissible ripple currents vary with the capacitance, the working voltage, manu- 
facturer and type. Ripple current ratings of a typical English manufacturer are given 
on page 194 ; they differ considerably from JAN-C-62. 

For any predetermined choice of condenser, temperature voltage and value of 
R S /R L there is a maximum load current which can be drawn from the rectifier without 
exceeding the ripple current ratings. Based on JAN-C-62, with (R S /R L ) — 10% 
and 60 c/s full wave rectification we have : 





350 volt (d.c.) working 


450 volt (d.c.) working 


Capacit- 
ance 


max 
ripple 
current 


max. 

load 

current 


load curr. 
ripple curr. 


max. 
ripple 
current 


max. 

load 

current 


load curr. 


ripple curr. 


10 m f 

20 fiF 
30 /xF 


140 mA 
180 mA 
200 mA 


120 mA 
154 mA 
168 mA 


86% 

85% 
84% 


150 mA 
180 mA 
200 mA 


130 mA 
150 mA 
168 mA 


86% 
83% 
84% 



Based on English T.C.C. condensers, 450 volt (d.c.) working, ambient temperature 
40 °C, (R S /R L ) = 10% and 50 c/s full wave rectification we have : 



Capacit- 
ance 


Plain foil 


Etched foil 


max. 
ripple 
current 


max. 

load 

current 


load curr. 


max. 
ripple 
current 


max. 

load 

current 


load curr. 




ripple curr. 


ripple curr. 


8 ^F 
16 ,*F 
32 fiF 


260 mA 
405 mA 


220 mA 
344 mA 


, 85% 
85% 


67 mA 
122 mA 


57 mA 
103 mA 


85% 
85% 
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In the cases listed above, the load current is approximately 85% of the maximum 
ripple current ; this only applies for (R s /Rj) = 10%. Values for three conditions 
are given below : 



(Rs/R L ) 


1%. 


10% 


30% 


load current 
ripple current 


73% 


85% 


102% approx. 



In practice, in radio receivers and a-f amplifiers, (R S /R L ) is usually well within the 
extreme limits 1% and 30%. 

If the ripple current for any desired condition is greater than the permissible limit, 
the capacitance of a single unit condenser may be increased and/or the value of R s 
may be increased either by selecting a different valve type or adding resistance in 
series with each plate. Either method of increasing R s will require a higher trans- 
former voltage. Alternatively two condensers may be connected in parallel, with the 
total capacitance unchanged, each of which will carry part of the ripple current ; 
however, equal sharing of current cannot be guaranteed and a large safety margin is 
desirable. The parallel arrangement confers no appreciable benefits with the T.C.C. 
ratings, as compared with an increase in capacitance of a single unit. 

In general, load currents up to 120 mA may safely be employed with plain foil or 
70 mA with etched foil without any investigation. 



SECTION 3 : RECTIFICATION WITH CHOKE INPUT FILTER 

(t) Rectification with choke input filter («) Initial transient current. 

(i) Rectification with choke input filter 

Where good voltage regulation is required, choke input filters are to be preferred. 
In this type of circuit, providing the first choke L x (Fig. 30. 1G) is above a certain 
critical value L c , the rectifier valve works under conditions of continuous current 
current flow and in the ideal case where L x is of infinite inductance there would be no 
fluctuations in this current. 

It has been shown (Ref. 6) that L c should be equal to or greater than 

* r L for full- wave operation (1) 

OTTJ 

where R e = total resistance in series with diode 

R L = load resistance presented to rectified supply 
and / = supply frequency. 
As an approximation, if R„ is small compared with R L , 
R 
L c ^ ^ for a 50 c/s supply (2) 

t> 

and L c 2> — ^L for a 60 c/s supply. (3) 

The above formulae are only stated for full wave rectification as it is not normal 
practice to use a choke input circuit with a half-wave rectifier owing to the low output 
voltage which would result. 

In applications where the load resistance varies considerably, for example in Class B 
amplifiers, it is usual to place a bleeder across the supply, thereby reducing the initial 
value required for L x . As the required critical value of L x decreases with increased 
load current, the choke can be made with a smaller air gap than necessary for constant 
inductance at all loads ; the drop in inductance due to d.c. polarization is permissible 
providing the inductance does not drop below L „ at any load. 

This is known as a swinging choke ; its design is covered on pages 249 and 250. 
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The peak diode current is given approximately by 

a E„ X 0.425 

»« "" h + 2biLy _ 1/(20,00 (4) 

or, if l/(2a>Cx) is very much less than 2«L l3 then 

a £ x 0.212 

i a & I L + — (5) 

A 

If Lj = L c = Rjjfrif, then i d «a 2J Z . (6) 

If L 2 = 2L C = jR £ /3w/; then i d i=a 1.5 i^. (7) 

The approximation in equation (4) is due to the neglect of ripple frequencies higher 
than twice the supply frequency. 

If the rectifier valve has a peak current rating equal to or greater than twice the 
maximum direct load current rating, and if the value of L x never falls below L „ it 
is not necessary to calculate peak diode currents. The same holds when the peak 
current rating is equal to or greater than twice the maximum direct current to be 
drawn from the rectifier. Owing to the desire to limit the rectifier peak current, it is 
preferable to make the inductance at least 2L e at the highest load current. The drop 
in inductance at maximum load current will result in a reduction of filtering, but this 
is not likely to cause any trouble. As the choke will normally be followed by a filter 
capacitance (C x in Fig. 30.1G), any reduction in the inductance of L x below L c at 
any value of load will cause the rectifier system to take on the characteristics of a con- 
denser input filter and the output voltage will rise. 

It is important to remember, when measurements are being made on a filter choke 
to determine its suitability for use in choke input circuits, that due consideration 
should be given to the large value of a.c. potential which will exist across it under 
working conditions. This potential will increase the inductance at low values of 
d.c. polarization provided that the sum of the a.c. and d.c. fluxes does not cause 
saturation of the core. 

For the accurate calculation of voltage output and regulation of a choke input type 
filter, the voltage drop due to the resistance of the choke, rectifier and supply must 
be taken into consideration. The choke resistance can be easily ascertained and the 
rectifier resistance may be derived from the curves of Fig. 30.4 using the method 
outlined below. The supply resistance in series with the anode, in a.c. operated 
equipments, will be equal to the transformer winding resistance [for calculation see 
pages 99 and 100] plus any added series resistance. In a.c./d.c. equipment it will 
be equal to the value of the limiting resistor in series with the anode. It is assumed 
that the rectifier will be operating under conditions of continuous current flow j it 

A _ 

can be shown (Ref. 6) that r d sy r d P& \r d \ also that the average anode current (one 
anode) i d — I L /2. The procedure is best illustrated by an example. 

Example : — It is desired to design a power supply with choke input filter to deliver 
to 200 mA at 350 volts using a 5U4-G rectifier at 50 c/s. The choke is assumed 
to have 100 ohms resistance and the effective supply resistance per anode is 75 ohms. 
In order to reduce the initial value of L 13 a bleeder to take 20 mA is assumed. 
At 20 mA: R L = 350/0.02 =■ 17 500 ohms 

L x = L c = 17 500/940 = 18.6 H (minimum). 
i d = 20/2 = 10 mA. 

i d = 2 x 20 = 40 mA. 
Average anode current during conduction = 20 mA, 

Referring to Fig. 30.4 (curve 10) : anode voltage corresponding to 20 mA is 11.7 
volts. 

r d = 11.7/0.02 = 585 ohms. 
At 220 mA : R , = 350/0.22 = 1590 ohms. 
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L x = 2L e = 2 x 1590/940 = 3.4 H (minimum). 
it = 220/2 = 110 mA. 

t a = 1.5 x 220 = 330 mA. 
Average anode current during conduction = 220 mA. 

Referring to Fig. 30.4 (curve 10) : anode voltage corresponding to 220 mA is 59 
volts. 

r d = 59/0.22 = 268 ohms. 
Voltage drop due to resistance of supply, valve and choke 
At 220 mA : = 0.22 (75 + 268 + 100) = 98 volts 
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Fig. 30.11. Curves for the determination of thz ripple factor of choke input rectifier 
circuits (based on Ref. 27), applying to the circuit of Fig. 30. 1G for full wave rectification 
on a 50 c/s supply. The curves may be applied to any other supply frequency by multi- 
plying values of inductance and capacitance by 2 for 25 c/s, 1.25 for 40 c/s, or 0.83 for 
60 c/s. The ripple curves may be used independently of the K curves and load resistance 
curves to derive the ripple factor (i.e. ripple voltage Em expressed as a percentage of the 
direct load voltage). The operating point at any value of load resistance which occurs 
in practice should be above (preferably well above) the corresponding load resistance 
curve, thus determining the inductance L x . In order to limit the initial (starting) transient 
current to the maximum peak current rating of the rectifier valve, the operating point 
should be above and to the left of the corresponding K curve, where 
r.m.s. voltage per anode \E„ \ 

K = 

1110 x peak plate current rating of diode 
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At 20 mA: = 0.02 (75 + 585 + 100) = 15 volts. 

R.M.S. transformer voltage = (350 + 98)/0.9 = 498 volts. 

Voltage across load at 20 mA = (498 x 0.9) — 15 = 449 volts. 

Value of Ci : Assume 10% ripple at maximum current, and referring to Fig. 30.11 
for L 2 = 3.4 H, we obtain C x = 5.7 /*F (8 ^F would probably be used). 

These results, which show a change of output of 350 to 449 volts when the load is 
changed from 220 to 20 mA, appear greater than the figures given by the valve curves ; 
this is because the choke voltage drop has also been taken into consideration. 

From the example above it can be seen that the rectifier voltage drop is neither 
negligible nor constant ; in the case of a 5U4-G it varies from 11.7 volts at 20 mA 
to 59 volts at 220 mA. 

If a lower impedance rectifier such as a 5V4-G had been used, this would have been 
reduced to 5.4 volts at 20 mA and 27 volts at 220 mA. For practical purposes of 
calculating the voltage output, a constant value of 16 volts could then be assumed, 
which would give an error of not more than 3.2%. 

Also from the example it can be seen that the effect on output voltage produced by 
the 75 ohms supply resistance is fairly small, reducing the output by 1.5 volts at 20 mA 
and 16,5 volts at 220 mA. 

When calculations have been completed, a check should be made to see that none 
of the maximum ratings given in the published data has been exceeded. This will 
include the value of peak inverse voltage E„ which in a choke input rectifier system 

will not be greater than 1 .65 E„ provided that L r does not drop below L e at any point. 
If L- is lowred bel rt w i**° r * t ^'*"'csl T7a ^"c for sn TT r^sso*" 1 JE* will soorosch the value for 
a condenser input rectifier system (see Sect. 2). 

(ii) Initial transient current 

When initially switching the anode circuit, with the cathode hot, there is a transient 
current in excess of the steady direct load current. It may be limited to a value equal 
to the peak anode current rating of the rectifier if the value of the inductance in henrys 
is equal to, or greater than 

( !M_V C 

\1110 x I ma J w 
where I max = peak anode current rating of the valve, in amperes 
and C x = capacitance in microfarads. 

This requirement may be met by ensuring that the L x and C ± values applied to 
Fig. 30.11 meet at a point on or above the corresponding K curve. 



SECTION 4 : TRANSFORMER HEATING 

For purposes of calculating transformer heating it is necessary to know the equiva- 
lent r.m.s. current in the winding supplying the rectifier. 

In the case of condenser input filters the r.m.s. value of the anode current can 
be obtained from Fig. 30.8 (upper curves). 

For choke input filters in which the inductance L t is constant, the r.m.s. value 
of each anode current is given approximately by (Ref. 31) 

"|i,| = 0.707(l + ^)*/ J . (1) 

. R L L e 

where a = r—r- = — • 
3 toLi L-x 
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The following table has been calculated from eqn. (1) 
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L x 


a 


id 


= 2L e 
= 4L C 
= infinity 


1 

0.5 
0.25 



0.87 I L 
0.75 I L 
0.72 I L 
0.707 I L 



For design purposes it seems reasonable to calculate on the basis of conditions at 
maximum current. If L x = 2L e at maximum current, as recommended in Sect. 3, 
the heating current in the transformer may be taken as 0.75 I L . 

For further information on transformer heating, see Chapter 5 Sect. 5 pages 236-237. 



SECTION 5 : VOLTAGE MULTIPLYING RECTIFIERS 

(i) General (ii) Voltage doubters (Hi) Voltage tripler (iv) Voltage quadruplers. 

(i) General 

Where it is required to obtain a higher direct voltage from a given a.c. input than is 
possible with normal rectifier circuits and where for reasons of weight, economy or 
other factors it is not desired to use a transformer, voltage multiplying rectifier circuits 
may be used. 

These circuits involve the principle of charging condensers in parallel from the 
input and adding them in series for the output, the switching being accomplished 
by the rectifier valves. 

(ii) Voltage doublers 

The voltage doubler can take one of two forms, half- or full-wave. 

Half-Wave. In the half-wave circuit (Fig. 30.12) on one half of the cycle the 
condenser C x is charged through V x l this voltage is then added in series on the next 
half cycle to the voltage of the condenser C 2 charged through V s . A voltage of 

A 

approximately 2E„ will appear across R L depending upon the rectifier type, load 
resistance and values of C x and C s . The ripple frequency, as in all half-wave circuits, 

A 

will be the same as the supply frequency. C x must be rated at the value of E„ and 
Cj. at 2E^. 
Full-Wave. In this circuit (Fig. 30.13) C 2 ' and C g " are charged on alternate 

A 

hal f cycles, approximately 2E„ appearing across the two in series. The ripple fre- 
quency will be equal to twice the supply frequency and the condenser ratings should 

A 

be each equal to E„. 

Comparing the two circuits 

The voltage regulation is better for the full wave circuit at low values of wCR L 

A 

and the rating of both condensers need only be E„ but the circuit suffers the dis- 
advantage of not having a common input and output terminal. The filtering is easier 
with the full wave circuit as the rippie frequency is twice the supply frequency, the 
ripple percentages being approximately equal. 
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(ii) VOLTAGE DOUBLERS 
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On 



V 



Fig. 30.12. Half wave 

voltage doublet rectifier 

circuit. 



FIG.30.I3 

Fig. 30.13. Full wave 
voltage doubler rectifier 
circuit. 



In both circuits, the larger the capacitance of the condensers the nearer the output 

A 

voltage will be to 2E„ and the better the voltage regulation, but care must be taken 
that the peak current ratings of the rectifiers are not exceeded. 

It can be shown (Ref. 10) that at values of wCR L greater than 10, the values of 

A _ A 

iji d > E d JE„, ripple etc. for a half-wave voltage doubler are for all practical pur- 
poses the same as the values for the full-wave voltage doubler and calculations of both 
types can therefore be made by means of the graphs in Sect. 2. 

From these graphs it can be seen that if a voltage multiplication of 1.6 or greater 
is required, the value of o>CR L should not be less than 100, also that R,/R L should not 
be greater than 1.5%. This means that if a voltage doubler is to give a high output 
and to be of good regulation, the maximum output current is strictly limited. 

(iii) Voltage tripler 

This circuit (Fig. 30.14) combines in series the outputs of a half-wave doubler 

A 

and an ordinary half-wave rectifier, giving an output approximately three times E „. 
The ripple frequency will be equal to the supply frequency and the condenser ratings 
will be as for the individual circuits, 

A A A 

i.e. C x " rating = E„ ; C 2 ' rating = E„ ; C 2 " rating = 2E„. 




Fig. 30.14. Voltage trip- 
ler rectifier circuit. 



(iv) Voltage quadruplet's 

There are two suitable circuits as given in Figs. 30.15A and B. (B) is essentially the 
same as (A) except for the connection of one of the input leads. This alteration 
results in a supply which has a common input and output lead, the only other altera- 
tion being that C/' must now withstand 3E„, while C 2 ' and C 2 " are (as in Fig. 30.12) 



1188 



(iv) VOLTAGE QUADRUPLERS 



30.5 



I— 5 T c ' 
h I — }| L ?kc, 



FIG. 30. 15 (X) 




FIG. 30.15(B) 

i%s. 30.15(A) and (B), Voltage quadruplet rectifier circuits. 

A A 

rated at 2E^ and C/ at £_. Another advantage of (B) is that it lends itself to 
increasing further the number of times the voltage can be multiplied. 

For further details on voltage multiplying rectifiers, see References in Sect. 7. 



SECTION 6 : SHUNT DIODE BIAS SUPPLIES 

Where a supply of negative bias is required in an amplifier or receiver, as for ex- 
ample the fixed bias operation of an output stage, this can be obtained by the use of 
a shunt diode without the addition of many components. 

If it is desired to make use of a high voltage winding on the power transformer 
for negative bias, the voltage so obtained is generally much greater than is required 
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FIG.30. 17 



Fig. 30.16. Shunt diode bias supply suitable for the bias of r-f; i-f ana a-f amplifier 

valves. 
Fig. 30.17. Voltage doubler bias supply suitable for the bias of output stages. 
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Fig. 30.18. Shunt diode 
bias supply fed from the 
transformer winding supply- 
ing the main rectifiers. 
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C IN jiF FIG. 30.19 

Fig. 30.19. Output voltage of the circuit of Fig. 30.18 for various values of C x and R x . 
250 
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5 K> 

FIG. 30. 20 



•I «25 

C, IN jiF 

Fig. 30.20. Rectifier peak current values for the circuit of Fig. 30.18 for various values 

of C x and R t . 




•5 hO 

FIG. 30.21 

Fig. 30.21. R.M.S. transformer secondary current in the winding supplying the shunt 
diode circuit of Fig. 30. 18 for various values of C 2 and R t . 

for bias. In such a case power would be wasted in voltage dividers. The shunt 
diode system allows the use of a 6H6 type rectifier since the cathode is at earth potential. 
It is often possible to use a spare diode in one of the valves already in the equipment, 
thus- doing away with the need for an extra valve. 

Two versions of the circuit are shown in Figs. 30.16 and 30.17, Fig. 30.16 being 
suitable for the bias on r-f, i-f and a-f voltage amplifier valves. Fig. 30.17 is a voltage 
doubling circuit useful for the bias voltage of output stages. It has a maximum out- 
put voltage of 18 volts when supplied from a 6.3 volt heater line. 
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Fig. 30.22. Shunt diode bias supply with r.c. filtering. 

When more than 18 volts are required the condenser C x may be fed from the trans- 
former winding supplying the main rectifier in the equipment. This is shown in 
Fig. 30.18 and typical values are given together with the measured performance 
(Figs. 30.19-21) in order that the magnitude of the various quantities may be assessed. 
The irregularities in the curves of output voltage for various values of C t are due to the 
resonance of C x and L, but apart from modifying the shape of rectifier current pulses 
no other undesirable effects are evident. Care must be taken that the filter condenser 
C 2 is isolated from d by a high value of impedance or large currents will be drawn 
from the transformer windings. In cases where only low output currents are required, 
L may be replaced by a resistor of not less than 100 000 ohms. This circuit arrange- 
ment is shown in Fig. 30.22, the output voltage for various values of capacitance 
being given in Fig. 30.23. 
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Fig. 30.23. Output voltage of the circuit of Fig. 30.22 for various values of C x and R t . 
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CHAPTER 31 

FILTERING AND HUM 

By R. J. Rawlings, Grad.I.E.E., Associate Brit. I.R.E. 
Section 

1. Inductance-capacitance filters 

2. Resistance-capacitance filters 

3. Parallel T filter networks 

4. Hum (General) 

5. Hum neutralizing 

6. References 

SECTION 1 : INDUCTANCE-CAPACITANCE FILTERS 

Consideration has already been given in Chapter 30 to the value of ripple voltage 
E R in the output of condenser- and choke-input rectifier systems. This chapter 
takes into consideration the filter components required to reduce the value of ripple 
given by the graphs in Chapter 30, to the value that is allowable for the equipment 
under consideration. The latter value will be designated as E„, as for example 
in Fig. 31.1 A. * 
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Fig. 31. 1A. Circuit diagram of 
full-wave choke-input rectifier 
system, followed by single section 
filter LjC 2 to give reduced ripple 
voltage E R i. 



FIG. 31. I A 



It can easily be shown that for a given total value of LC } maximum filtering is ob- 
tained when all the filter sections are similar. Increasing the number of sections for 
a given total value of LC also increases the filtering, but there is little gained in break- 
ing up the filter into more sections than that number which makes X L = \QX e . 
This is only appropriate if there is a definite limitation in the maximum value of 
LC. In general, better economy will be achieved by using not more than two sections, 
and increasing the value of C to give the required filtering. 

The filter factor a = E R /E R1 = {ot^LC - l) n 
where n is the number of similar sections 

LC is the value of LC for one section (henrys and farads) 
and w R = 27rf R 
where f R = ripple frequency. 

This can be expressed as : — 

LC = Cy« + l)/«y = 0.0254 (V« + 1)//*'. 
The formula above assumes that X L ^ 20X C , the usual practical case. 
For quick reference, a graph has been prepared (Fig. 31. IB) for a single section 
filter to five the relationships between the v 
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Fig. 31. IB. Approximate relationships between ER, ER t and L 2 C 2 for 50 c/s full-wave 
rectification (i.e. 100 c/s ripple frequency) and single section filter. For other ripple 
frequencies, the value of the LC scale should be multiplied by the appropriate factor 
as follows. 

40 c/s ripple— 6.25 ; 50 c/s ripple — 4; 60 c/s ripple— 2.78 ; 80 c/s ripple — 1.56; 

120 c/s ripple— 0.695. 



approximate formula a = <a R *LC which is sufficiently accurate for most applications. 
The values of L 2 C 2 in Fig. 31. IB only hold for full-wave 50 c/s, but may be adapted 
to other conditions by multiplying by a factor (see tide). 

With either a condenser-input (Fig. 30. IF) or choke-input filter having a second 
filter section (Fig. 31.1 A) it is important to avoid resonance between the choke L 
(or L 2 ) and condensers C x and C 2 in series. The inductance should be sufficiently 
large to avoid resonance, with a comfortable margin, over the whole frequency range 
of the amplifier and at least down to the ripple frequency (e.g. 100 c/s for 50 c/s 
mains and full wave rectification). This may be accomplished by ensuring that in 
Fig. 31.1A 

T ^ C x + C t 25000 t 

L * ^ ~c^ P~ henrys 

where / = minimum rated frequency of amplifier in c/s, 
and C t and C 2 are in microfarads. 

When / = 100 c/s, L % > Cl * C * x 3.5. 



1194 



INDUCTANCE-CAPACITANCE FILTERS 



31.1 



When / = 50 c/s, L 2 ^ C » + C * x 14. 
When / = 25 c/s, L 2 ^ Cl * Cii x 56. 

0x02 

For example, when C x = C 2 = 8 ^F and/ = 25 c/s, L = 14 henrys minimum. 



SECTION 2 : RESISTANCE-CAPACTTANCE FILTERS 

In cases where filtering of a low-current supply is required, as in the case of the 
early stages of an audio-frequency amplifier or for certain applications in electronic 
instruments, resistance-capacitance filters can be used. The filter factor 
a = E R /E R1 = a>CR + 1 and for ripple frequencies of 50, 60, 100 and 120 c/s this 
can be read directly from Fig. 31.2, for a single section filter. 

See also Chapter 4 Sect. 8(ii) and (iii). 



1 

1,000 




















"TT 
II 








4 




















"if 




































4 








• J 
















































wo 








































































































































































K> 




























• 




















































































. 




















































































1 





























nod? 

* 



IJOOO 



to/wo 

R(OHMS)X C(yF) 



» • 

100,000 



'\poojooo 



Fig. 31.2. Curve for determining the value of a. — E R /E»i of a resistance-capacitance 

type single section filter for frequencies of 50, 60, 100 and 120 c/s. This curve is based 

on the formula, E R /E Rl = <oCR + 1. 



SECTION 3 : PARALLEL T FILTER NETWORKS 

A useful filter network is that shown in Fig. 31.3(a). This can be transposed, 
for any one frequency, to its equivalent 77 network as in (b) and, by correct choice 
of the values of circuit components, the attenuation can be made theoretically infinite 
at any one frequency (J^ ). Conditions for infinite attenuation are — 
l/da> = KR* 
2R X = K*R t 
2/O'iw = Ri/K where K is a constant. 
When the parallel T network is used for power supply filtering, the value of K to be 
used depends upon a number of considerations : — 



31.3 



PARALLEL T FILTER NETWORKS 



1195 



L.RJC, 2R, 

r-nnnr^— vws^a— , 



' 1 O 



Tl 






-WVW— I 



rr 



(a) 



0>) 



Ft^. 31.3. Resistance-capacitance parallel T network and its equivalent II network. 

1. The d.c. resistance of the filter (i.e. 2i? 2 ) should be as low as possible. 

2. The total capacitance should be as low as possible. 

3. Standard value components may be used. 

Table 1 : Showing the relationships between R 1} R 2 , d and C 2 for various K values. 



K 


Resistances 


Capacitances 


1/2 

1/V2 
1 

V2 


i?2 = SRi 

Rz = 4Ri 
R 2 = 2R X 

R 2 = Rx 


C 2 = 0.5Q 

d = Cj 

C»2 = ^C<j 

d = 4d 



/oo 



l/C^d) 

l/(\/2^ 2 d) 

1/(2^,00 
1/(2V / 2^ 2 C 1 ) 



Table 2 : Showing the total capacitance values required for various values of K 
with/oo = 100 c/s, R 2 = 200 ohms. 



X 


Capacitance in ^F 




d 


d 


2d + d 


1/2 

1/V2 
1 

V2 


15.9 
11.25 
7.95 
5.625 


7.95 
11.25 
15.9 
22.5 


39.75 
33.75 
31.8 
33.75 
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Fig. 31.5. Typical complete 

filter circuit using a parallel 

T filter network. 



By reference to Fig. 31.4, it will be seen that the minimum value of R 2 C t will be 
required for K — \/2. When/ao =100 this gives a value ofR 2 Ci not easily obtain- 
able with standard values of components, and K = 1 will give more easily obtained 
values. Also when K = 1, the total capacitance required is a minimum. Where use 
is made of this filter, some attenuation must be provided for the ripple frequency 
harmonics, and this may be accomplished by means of a resistance-capacitance filter 
(see Sect. 2). A typical complete circuit is shown in Fig. 31.5. 

For the theory of parallel T filter networks reference should be made to Chapter 4, 
Sect. 8(iii). See also Ref. 1. 



SECTION 4 : HUM— GENERAL 

(:*) Hum due to conditions within the valves (») Hum due to circuit design and 
layout (jm) Hum levels in receivers and amplifiers. 

Hum in the output of ah a.c. operated receiver or amplifier may be due to many 
causes. These may be sub-divided into two main groups, hum due to conditions 
within the valves, and hum due to circuit design and layout. 

(i) Hum due to conditions within the valves 

This is caused by the use of a.c. for the heater supply and can give rise to hum in 
the output in several ways : 

(1) capacitive coupling from the heater to any electrode 

(2) heater-to-cathode conduction 

(3) heater-to-cathode emission (or vice versa) 

(4) modulation of the electron stream by the magnetic field of the filament 

(5) conduction (i.e. leakage) from any electrode, with ripple voltage applied, to 
another electrode 

(6) hum due to operating valve in magnetic field from external source. 
Explaining these in more detail : — 

(1) The amount of hum appearing at the plate of a valve due to capacitive coupling 
between the valve heater and an electrode, will depend upon the electrode to which 
this coupling takes place. The most serious case is that between heater and control 
grid as the voltage transferred will be subject to the full gain of the valve. In fairly 
high gain amplifiers it is advisable to use a potentiometer of 100 to 500 ohms resistance 
across the heater supply close to the valve socket ; the slider is earthed and its position 
adjusted for minimum hum output. In this way the hum voltages fed from each side 
of the heater to the control grid can be made equal and opposite. 

In lower gain amplifiers a centre-tapped heater winding may be used or, more 
usually, a centre-tapped resistor across the heater supply. In the latter case the re- 
sistor may have a resistance of 50 + 50 ohms for 6.3 volt heaters. In some cases it is 
practicable to omit any form of tapping, and in these cases one of the heater terminals 
should be earthed. In the case of types in which the control grid or plate pin is 
adjacent to one heater pin, the latter should be earthed. Where the grid pin is separ- 
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ated from one heater pin only by one other pin, the latter should preferably be earthed 
directly, or else by-passed to earth by a large condenser. In other cases the heater 
terminal to be earthed should be chosen to provide minimum hum with regard to the 
position of un-earthed or unbypassed terminals. 

Valves with the grid connection brought out to a top cap have less capacitance 
coupling between heater and grid circuits, but there may be appreciable electro- 
magnetic coupling into the loop formed by the cathode-to-grid path and the return 
path through the valve. For this reason it is sometimes found that a double-ended 
valve gives more hum in a low level amplifier than a well designed single-ended stage. 

When single-ended valves are used, the all-glass (e.g. miniature) construction gives 
less capacitance coupling from heater to grid or plate than an equivalent single-ended 
valve with a " pinch " (stem press) construction. 

Reduction of the grid resistor value will also reduce the hum due to capacitive 
coupling, as the grid resistor and the heater-to-grid capacitance form a potential 
divider which determines the proportion of the heater voltage fed to the grid, unless 
there is a large grid coupling condenser and a low impedance to earth from the other 
side of it. 

Diode-heater capacitance can also cause high hum levels in diode-triodes and diode- 
pentodes as the diode is effectively coupled to the control grid. For this reason it is 
recommended that the diode used for signal detection should, in the case of double- 
diode valves, be the diode further from the heater pins on the valve base. 

(2) Conduction from heater to cathode will cause a current to flow from the heater 
to the cathode, thence through the impedance between cathode and earth. The 
resultant hum may be minimized by reducing the effective voltage applied to the 
circuit, and by reducing the impedance between cathode and earth. The voltage may 
be reduced by a potentiometer connected across the heater supply, with the slider 
earthed and its position adjusted for minimum hum output— as for hum due to capaci- 
tive coupling. The impedance between cathode and earth may be reduced by the use 
of a large capacitance by-pass condenser across the cathode bias resistor, or may be 
made zero by earthing the cathode and obtaining negative bias from some hum-free 
source. 

See also Ref. 7. 

(3) Emission from heater to cathode is caused by impurities in the heater insulation 
material or from the deposit, during valve manufacture, of cathode material on to the 
heater. To overcome this fault the heater should be biased positively with respect 
to the cathode. As the voltage required may be of the order of 50 volts, the minimum 
required to give satisfactory hum reduction should be used to avoid exceeding the 
maximum permissible heater-cathode voltage. 

Cathode-to-heater emission can also take place and cause hum, although it is not 
common. The cure for this is the biasing of the heater negatively with respect to 
cathode. 

In the general case hum may be due to two or more causes, and minimum hum may 
be obtained in any particular case by connecting the moving arm of the potentiometer 
to a point of positive (or sometimes negative) voltage of the order of 5 to 50 volts and 
by experimentally obtaining optimum adjustment of both potentiometer and voltage. 

(4) Modulation of the electron stream by the magnetic field will depend on the type 
of heater and the electrode construction. If the centre-point of the heater circuit is 
earthed, the double helix gives noticeably less hum than the folded heater, but when 
one side of the heater is earthed the reverse may occur, depending on the electrode 
arrangement — see Ref. 6, Fig. 47. 

Heater-induced hum in a-f amplifiers— summary* 

The amplifier designer has to make allowance for the total hum, effective at the grid 
of the valve, due to the use of a.c. supply to the heater. There are very few valve 
types for which information is available in this regard — see Chapter 18 Sect. 2(v) 
for hum data on types 12AY7 and 5879. Tables have been published (Ref. 10) giving 
values of the 60 c/s component of the hum voltage of a fairly wide range of types with 

♦Contributed by the Editor. 
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cathode by-passed and unbypassed, grid resistor zero and 0.5 megohm, and with 
different heater earthing arrangements but this does not give any indication of the total 
hum and is likely to be misleading since the ratio of total hum to 60 c/s component 
varies widely from type to type. 

By the choice of a suitable valve type (e.g. 5879, triode operation) it is possible to 
achieve a median hum voltage effective on the grid of less than 4 microvolts under 
optimum conditions, with only a small percentage exceeding 10 microvolts, with grid 
resistor 0.1 megohm. On the other hand, with other types of valves and with other 
than optimum conditions, the hum may exceed 500 microvolts. 

See also Chapter 12, Sect. 10(vi) and Chapter 18, Sect. 2(iii). 

Refs. 5, 6, 7, 9, 10. 

(ii) Hum due to circuit design and layout 

The most common of hum troubles due to circuit design is caused by insufficient 
smoothing in the power supply. Where hum is introduced in the early stages of an 
amplifier, a simple RC filter can often be used (see Sect. 2). RC niters can also be 
used to supplement conventional filtering when lack of filtering in r-f and converter 
stages causes modulation hum. 

Modulation hum can also be caused by capacitive coupling between primary and 
secondary windings of the mains transformer. The cure is the addition of an earthed 
electrostatic screen between the windings, or in some cases filters can be fitted in the 
mains leads as in a.c./d.c. receivers. Every care should be taken to eliminate r-f 
pickup from all sources other than the aerial, and receivers should be earthed directly 
rather than connected to the mains conduit which may have a high resistance earth 
connection. Capacitive coupling between the mains lead and aerial can also cause a 
mains frequency modulated carrier to be passed through the receiver. 

In a.c./d.c. receivers care must be taken in the series connection of heaters. Usual 
practice is to place the a-f valve heater right at the earthy end, with the converter 
(which is particularly susceptible to modulation hum) next to it. In a.c./d.c. audio 
frequency amplifiers the earliest stages should be at the earthy end. 

Electrostatic pick up of hum voltages by high impedance circuits from nearby 
leads carrying alternating currents may be avoided by the fitting of electrostatic shields 
or, where the capacitance of screened lead is permissible (as in the case of filament 
wiring) the use of screened a.c. leads is recommended. The use of twisted filament 
leads tends to cancel out the magnetic field around the leads. 

The magnetic fields surrounding power transformers can give rise to induced cur- 
rents in filter chokes and in a steel chassis. For this reason the use of a separate 
chassis in the case of high gain amplifiers is to be preferred. Alternatively the chassis 
may be made of non-magnetic metal. The placing of the power transformer lamina- 
tions vertically usually gives rise to less hum than when they are placed in the same 
plane as the chassis, particularly when the chassis is of a magnetic material. Thorough 
screening of intervalve transformers (and more particularly microphone input trans- 
formers) from the magnetic field of the power transformer is also necessary, and high 
permeability shields or astatic type windings may be necessary in extreme cases to 
reduce hum to the required level. By orientating transformers and chokes with 
respect to each other a position of minimum coupling can be found which may avoid 
the necessity for taking more elaborate measures. If the position of minimum coup- 
ling is at all critical, it is recommended that an individual adjustment be made for each 
amplifier. The filter choke and transformer fields must also be kept away from high 
gain valves to prevent modulation of the electron stream. 

The reason for high hum-level output in a receiver or amplifier can often be de- 
termined by the pitch of the note. If it is due to poor filtering, the 50 or 60 c/s in the 
case of half-wave rectification or the 100 or 120 c/s note with full-wave rectification 
will predominate. If the hum is induced from the power transformer the note will 
be 50 or 60 c/s while with capacitive hum pick up the note will be rough owing to the 
accentuation of the harmonics of the supply frequency. 
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When tracing hum it may be found that the reduction of hum in one part of the 
circuit may increase the overall hum level as, when the hum is due to more than one 
cause, a certain amount of cancellation may be taking place. 

See also Chapter 18, Sect. 2(iii) on pre-amplifiers. 

Hum caused by heater-cathode leakage with an unbypassed cathode resistor is 
dealt with in Chapter 7, Sect. 2(ix)B. 

The effect of the output valve on hum originating in the plate supply 
voltage* 

(See Chapter 7, Sect. 2(ix) for the effect of feedback). 
Case (1) — Triode with transformer-coupled output 

The hum output voltage across the primary of the output transformer is 
E h0 = E h R L /(R L + r,) 
where E h = hum voltage in plate supply 

R L = load resistance reflected on to primary of output transformer 
and r P = plate resistance Of valve. 

If R L — 2r„ (as is typical) 
then E h0 = 0.67 E h . 
Case (2) — Triode with parallel-feed (series inductor) 

This is an excellent circuit for low hum provided that the choke L x has a reactance 
at the hum frequency at least several times the impedance of r„ and R L in parallel. 

See Chapter 7, Sect. 2 equation (55). 
E h0 = cos 0. E h 
where = tan -1 LJR 
and R = rjlrfb* + Rj)- 
v^ase {O) — Pentouc with transiGnner-CGupxeu. output 

See Chapter 7, Sect. 2, equation (53). 
• E h0 = E h [R L /(R L + r„) + R L /W(# z + »".)]. 

The screen and plate effects are additive. The second term would become zero 
if the screen were perfectly filtered. 
Case (4) — Pentode with parallel-feed (series inductor) 

The hum due to the plate circuit is low, but that due to the screen is high. Screen 
filtering is required for low total hum. 

See Chapter 7, Sect. 2, equation (57). 
E A0 & E h cos — R L Pn„/(R L + r P ) 
where and R are as in Case (2). 

References : Chapter 7 Refs. B3, B4, B5, B7. 
Typical values (all cases) 

Typical values for types 2A3 and 6V6 are given in Chapter 13, Sect. 10(v). 

(iii) Hum levels in receivers and amplifiers* 

It is convenient to express hum levels in dbm, rather than as so many db below maxi- 
mum power output. This hum is measured with zero sig n al output. 

Hum should, ideally, be completely inaudible. This ideal is capable of achieve- 
ment, although at a price, so far as the hum introduced by the receiver or amplifier is 
concerned. Audible hum is a defect which, while it may not prevent the sale of the 
equipment, will certainly be an annoyance to a critical user. 

Hum is objectionable firstly because of its direct effect with zero signal, and secondly 
because of its indirect effect in modulating the signal. 

The maximum acceptable hum level may be determined by a listening test in a quiet 
residential area, or under actual conditions for a custom-built equipment. The 
listener for the test should be one having at least average, and preferably higher than 
average? acuity of hearing for the lower frequencies. 

Alternatively, the maximum permissible hum level may be calculated. For example 
if the predominant hum frequency is 120 c/s, the loudspeaker efficiency at 120 c/s 
is 3%, the angle of radiation at 120 c/s is 180°, and the listener is 1 foot from the 

'Contributed by the Editor. 
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loudspeaker, then the limit of audibility is about —35 dbm for an average listener, 
and —45 dbm for a very critical listener. A good quality receiver or amplifier should 
therefore have a hum level less than —35 dbm for 3% loudspeaker efficiency at the 
hum frequency. This quoted loudspeaker efficiency of 3% is a fairly typical average 
value over the a-f frequency band, but the effective efficiency at the hum frequency 
may be higher or lower than the average value. The efficiency at the hum frequency 
will be higher than the average value if bass boosting is used, or if the cabinet/loud- 
speaker combination accentuates the hum frequency. The efficiency at the hum 
frequency will be lower than the average value if the hum frequency is lower than the 
loudspeaker bass resonance or if the cabinet attenuates the hum frequency. In 
cases where the loudspeaker efficiency is higher or lower than 3%, the permissible 
hum level should be adjusted accordingly. 

This calculation for hum is somewhat unrealistic since it is based on the supposition 
that the hum is predominantly a single frequency. Any higher frequency components 
will give a higher acoustical hum level without appreciably affecting the measured 
value. 
Summing up 

For critical home listening with low room noise and with loudspeakers of normal 
sensitivity, the hum level should not be above —40 dbm, with —50 dbm as a pre- 
ferred limit. 

Under other conditions, with higher background noise or a less critical audience, 
a somewhat higher hum level may not be found objectionable. 

SECTION 5 : HUM NEUTRALIZING 

(A) One form of hum neutralizing is that using a hum-bucking coil in series with 
the voice coil in speakers where the field coil is used as the filter choke. 

(B) A valve hum neutralizing system which has certain applications where a sub- 
stantially constant load is to be supplied is shown in Fig. 31.6. This circuit has been 
explained in detail elsewhere (Ref. 3) and neutralization is dependent upon the valve 
producing a hum voltage of the same value and 180° out of phase with that already 
existing in the plate supply voltage. The valve must therefore be capable of pro- 
ducing a gain of unity between grid and plate, the feedback resistance R e ( = R b + R f ) 
being adjusted to obtain this balance. 




R c «R b +R f 



Fig. 31.6. Valve hum 
neutralizing circuit. 




LOAO? E 

OUTPUT 



B c -B b + R f 
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FIG. 31.7 



Fig. 31.7. Practical valve hum neu- 
tralizing circuit. 

A typical circuit is shown in Fig. 31.7 and the value of ripple reduction a obtained 
together with the values of R e are plotted in Fig. 31 .8 as a function of R.. 

The lowest ripple frequency which this circuit will suppress depends upon the time 
constant of R„C t which for this circuit is given by T = R g CJ{\ — R g /R,) pro- 
vided fi >• 1, and the internal resistance R = R, /*/(/* + 1). 

As the condition for neutralization does not involve the load impedance, the re- 
lativel v hi ^ 1 impedance of the regulator t> be reduced to a low valu** for a ** ™o'*"™ , ' , *~ 
by shunting the output by a large condenser. 
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Fig. 31.8. Values of a and R c as a function ofR s for the circuit of Fig. 31.7. 

In this way coupling between stages due to a high common impedance can be re- 
duced. 

Care must be taken that the value of input ripple to the circuit does not swing the 
valve beyond the linear position of its characteristics. 

(C) Another form of neutralization, which is limited to pentode voltage amplifiers, 
is described in Chapter 12 Sect. 10(vi)D and Fig. 12.57. 

(D) A form of neutralization suitable for use with multistage amplifiers is described 
in Ref. 4. Another form is described in Ref. 11. 

(E) Various types of neutralizing are commonly used in radio receivers, for example, 
hum from the back bias supply may be neutralized at the grid of an output valve by 
hum from the B supply, with a suitable choice of output valve grid leak and plate load 
resistor for the a-f amplifier. In other cases the balance of these hum components 
may be adjusted so that the resultant neutralizes hum in the plate circuit of the output 
valve. More complicated neutralizing circuits even include hum components from 
the control and screen grids of the a-f amplifier in the balance at the grid of the output 
valve. 
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SECTION 1 : VIBRATORS— GENERAL PRINCIPLES 

(*") Operation («) Vibrator types (Hi) Choice of vibrator (iv) Coil energizing 
(v) Waveform and time efficiency (vi) Standards for vibrators for auto-radio. 

(i) Operation 

The vibrator consists essentially of a vibrating reed upon which are mounted 
switching contacts. By the method of connection in a battery circuit, these contacts 
enable the direct battery voltage to be converted into an approximate square wave. 
This can then be transformed and rectified to obtain a plate voltage supply. The 
standard type vibrators operate at a frequency between 100 and 120 c/s. High fre- 
quency types operating about 250 c/s are available for special applications. 




| — (J BATTERY Q 
FIG.32-1 INTERRUPTER TYPE VIBRATOR. 

(ii) Vibrator types 

There are three basic types of vibrator and these are shown with their circuit con- 
nections in Figs. 32.1 — 32.3. 

Fig. 32.1 shows the interrupter (non-synchronous) vibrator which acts as a single 
pole double throw switch; leaving rectification to be performed by a separate rectifier* 
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FIG. 32-2 SELF-RECTIFYING TYPE VIBRATOR. 

The short-circuited secondary is used by some vibrator manufacturers to reduce 
the inductance of the energizing winding and hence the sparking of the starting con- 
tacts. 

Fig. 32.2 gives the circuit arrangement for the self-rectifying (synchronous) vibrator 
which in addition to switching the primary circuit has a further pair of contacts to 
provide mechanical rectification of the transformer secondary voltage. 

The third type. Fig. 32.3, is a modification of the synchronous type in which, by 
splitting the vibrating reed, the primary and secondary circuits are isolated from each 
other. 
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FIG. 32-3 SPLIT-REED SELF-RECTIFYING TYPE VIBRATOR. 



(iii) Choice of vibrator 

The choice of the type of vibrator to be used will depend upon the application for 
which it is required. 

Where vibrator equipment has to operate with either positive or negative earthed 
systems, either the interrupter type with a valve rectifier or the reversible self-recti- 
fying type must be used. This latter type is a standard self-rectifying vibrator which 
can be fitted into its socket in two positions, by rotation through 180°. The use of 
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these two positions enables the correct output polarity to be obtained from either 
positive or negative earthed supplies. 

In the self-rectifying type, the elimination of the rectifier valve reduces the overall 
size, power consumption* and heating of the equipment, although at the expense of 
increased difficulty in hash elimination and, perhaps, of some of the reliability of the 
non-synchronous type. 

The use of split-reed synchronous vibrators allows greater circuit flexibility, par- 
ticularly in cases in which one model of radio receiver is to be used with dry-battery 
or vibrator-operated power supplies. 




Fig. 32.4. Separate driver 
system energizing. 



(iv) Coil energizing 

There are three possible methods — Fig. 32.4 shows the separate driver system 
energizing while Fig. 32. 5A shows shunt energizing with separate starting contacts, 
and Fig. 32.5B is the conventional shunt energizing arrangement. With the separate 
driver system, the coil is operated by only the battery voltage ; in the conventional 
shunt connection the coil is operated by greater than the battery voltage due to the 
auto-transformer action of the transformer primary. 
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Fig. 32.5. 
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Two alternative methods of shunt coil energizing ; (A) with separate 
starting contacts (B) conventional shunt energizing. 



The advantage claimed for the separate driver system energizing and also for the 
arrangement shown in Fig. 32.5A, is that as the coil current is not switched by the 
power contacts, good starting will be obtained even towards the end of life or at low 
battery voltages. This is not the case in Fig. 32.5B in which the starting performance 
is dependent upon the condition of the power contacts. 

*If a cold-cathode rectifier is used the power consumption of synchronous and non-synchronous 
types should be the same. 



32.1 



(v) WAVEFORM AND TIME EFFICIENCY 



1205 



(v) Waveform and time efficiency 

The general waveform of a vibrator output voltage is given in Fig. 32.6 ; the periods 
t 2 and t t are referred to as the " off contact " time interval. For reasons of consistent 
operation with life, these times t % + t 4 are made from 10% to 30% of the total dura- 
tion of the cycle. The remaining part of the cycle t t + t 3i which is the " on contact " 
time, is therefore from 70% to 90% of the cycle and its value is known as the " time 
efficiency." 

The relationships between the peak, average and rjn.s. values of the vibrator 
waveform are given below — 

Peak value = E h 

R.M.S. value = V«> t £ 6 

Average value = (OfE h 

Form factor = V"**/ <o t 
where E b is the battery voltage and o> t is the time efficiency expressed as a decimal. 
The rectangular waveform will be modified to a certain degree by the timing capaci- 
tance (see Sect. 3) and will take the approximate form of the dotted curve in Fig. 32.6. 
This change will not greatly affect the relationships given above. 




TIME 



FIG. 32-6 



(vi) Standards for vibrators for auto radio 

Extract from R.M.A. Standard REC-113 — "Vibrating interrupters and rectifiers 
for auto radio — frequency 115 cycles " (April 1948). 

Voltage ratings — nominal 63, operating 5.0 to 8.0 volts. Reed frequency at 6.3 
volts : 115 ± 7 c/s. See Standard for enclosures, base pins and circuit. 



SECTION 2 : VIBRATOR TRANSFORMER DESIGN 

(i) General considerations («) Transformer calculations (»V) Standards for vibrator 
power transformers. 

(i) General considerations 

There are many considerations in vibrator transformer design which require par- 
ticular attention as against a similar transformer used on a sinusoidal supply. How- 
ever see also Chapter 5 Sect. 5 for power transformer design. 

For a given power output the vibrator transformer will be of greater size for a num- 
ber of reasons. Half the primary is inactive at any instant due to the need for a centre- 
tapped winding to obtain the necessary flux reversal. The primary winding should 
be designed to have the minimum possible resistance, in order that as large a portion 
of the battery voltage as possible is available for transformation. This means the use 
of a wire of large diameter with a correspondingly poor space factor. Electrostatic 
shields between the windings, which are sometimes used to assist in the elimination 
of hash, also add to the size. 

An important point in the transformer design which affects the life of the vibrator 
is the value of primary leakage inductance. This leakage inductance component 
in the primary circuit can resonate with the reflected value of the timing capacitance 
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to produce an undesired damped oscillation, while possible insulation breakdown 
and contact arcing may result. Therefore where practicable a winding of the pan- 
cake type should be used, or else the winding shown in Fig. 32.7, the windings being 
arranged so that the active sections of the primary and secondary are always adjacent. 
When manufacturing economy requires the use of the cheapest form of winding, 
best results are obtained by winding the two halves of the primary first and then the 
two halves of the secondary. This gives lower leakage reactance than the reverse 
type of winding. 



CORE 



flC.S2-7 

The secondary insulation should be good enough to prevent the risk of a voltage 
breakdown caused by any irregularity occurring in the vibrator during life which 
may cause high transient voltages to be developed. 

As the magnetizing current of a vibrator transformer has to be supplied by the 
battery, this represents a power loss and it should be reduced to the minimum possible 
value — for further details see Sect. 3(iv). This can be done by keeping the flux 
density B at a low value. The value of B will depend upon the primary voltage, all 
other quantities being fixed. This value of primary voltage is subject to considerable 
variations ; e.g. from 5.5 to 7.5 volts on a car radio input when a voltage regulator 
is fitted to the battery charging system, and this may rise to* 9.0 volts without the 
regulator. In the general case the transformer may be designed to have satisfactory 
characteristics at a maximum of 8 volts. 

A high value of magnetizing current also limits the maximum output available 
from the vibrator. This is because the magnetizing current has to be handled by the 
primary contacts whose current carrying capacity is limited, thus reducing the current 
rating available for the load. 



(ii) Transformer calculations 

The equation for vibrator transformers is 
E.<o t .10» 

where E = highest battery voltage at which satisfactory operation is required 
vibrator time efficiency expressed as a decimal 
vibrator frequency in cycles per second 

effective cross sectional area (i.e. actual cross sectional area x the 
stacking factor) in sq. inches 
flux density in lines per sq. inch 

" effective " number of primary turns (i.e. \ total primary turns). 
The value of A can be estimated from the relationship 

A = V R7/5.58 sq . i ns . (2) 

where W = primary watts under full load. 

The r.m.s. value of the transformer primary current is given by 



and 



O), 

f 
A 

B 









where I b = average battery current in amperes. 
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For values of o> t 2> 0.8, v a> t /a) t ^ 1 and |/ 6 | = I b . 

This value of current can be used in the calculation of the required wire diameter. 

As the primary is of heavy gauge wire, and has to be centre tapped, it is of advan- 
tage to have an even number of primary layers ; this brings the centre tap to the 
outside of the winding. Therefore when commencing the design, where possible 
it is of advantage to choose the total number of turns (2N P ) to give an even number 
of layers. The required effective cross sectional area of the core is then given by 
A = Ea> t 10*/(4fBN p ). (4) 

(iii) Standards for vibrator power transformers 

R.MA. Standard REC-119 "Vibrator power transformers" (Sept. 1948) gives 
purchase specifications, performance specifications, test equipment and procedure. 



SECTION 3 : TIMING CAPACITANCE 

(f ) The use of the timing capacitance (») Calculation of timing capacitance value 
(Hi) Percentage closure (k>) Effect of flux density on timing capacitance value. 

(i) The use of the timing capacitance 

The usual simplified form of the vibrator voltage wave is shown in Fig. 32.8. The 
dotted curve shows the damped oscillation obtained by the addition of the timing 
capacitance* In actual operating this oscillation will be suppressed at C when the 
other contacts connect the battery to the other half of the transformer. The oscilla- 
tion is shown in full in Fig. 32.8 to illustrate how the first part of the cycle is operative 
in automatically reversing the battery voltage, so that there is zero potential across the 
contacts when they make. 




(ii) Calculation of timing capacitance value 

The value of the timing capacitance, to give the correct frequency of oscillation for 
the conditions above, is given by 



C„ = 



H.l m X\ - «O10 ( 



mF 



(5) 



where l m = length of magnetic path in inches 

and H — the value given by the BH curves for the tra n sformer iron being used, 
at the value of B corresponding to the voltage E in the equation above. 

The equation will give the required value of timing capacitance C v to be used across 
the primary. For reasons of size and economy, it is usual for the timing capacitance 
to be placed across the secondary. The value of the equivalent secondary capacitance 
C, will be CJ(N,/N v y microfarad. 

While these equations will give an approximation to the required value of timin g 
capacitance, some modification of this value will be required in practice. The fing l 
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value should not be decided, until after examination of the voltage waveform obtained. 
This test should be carried out with a number of samples of the vibrator which it is 
intended to use. 

(iii) Percentage closure 

When the waveform of Fig. 32.8 is obtained, by the correct choice of timing capaci- 
tance, there is said to be 100% closure. Figs. 32.9 and 32.10 illustrate the effects of 
over- and under-closure respectively. 
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As the effect of overclosure is to produce high transient voltages, and as during life 
the tendency is for t x and t 3 to become shorter, the vibrator will rapidly deteriorate. 
By aiming at slight under-closure the effect during life is for conditions to approach 
100% closure. 

For this reason a value of approximately 65% closure is chosen for an average case, 
as shown in Fig. 32.10A — this means a larger value of timing capacitance than indicated 
by eqn. (5). 
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FIG. 32. 10 



FIG. 32.I0A 



(iv) Effect of flux density on timing capacitance value 

The equation for the timing capacitance shows the need for the careful choice of the 
value of flux density used in the transformer design. For it will be seen that a change 
in the ratio of H/E in eqn. (5), such as will take place when working on the curved 
characteristic of the BH curve, will result in different values of timing capacitance 
being required at different loads. If the value of H/E is to be kept constant, B must 
be directly proportional to H over the working range. Examination of Fig. 32.11 
will show that this is not the case, even on the straight portion of the BH curve, as a 
line drawn through the straight portion of the curve would not originate at the junction 
of the X and Y axes. A more exact approximation to the desired condition can be 
obtained by working around the knee of the curve ; operation at this point will result 
in greater economy of iron. 

In Fig. 32.11 the line OY has been drawn so that the deviation of the BH curve 
from the ideal curve OY is such that the values AA', BB' and CC when transferred 
to the H scale ; represent eqyal values — in this case 7A% of the nominal value. Thus 
the timing capacitance does not vary by more than 7|% for a variation in flux from 
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53 to 81 kilolines/sq. inch. Point A at 71 kilolines/sq. inch would appear to be, in 
this particular case, the optimum point where a variation of plus 14% and minus 
25.5% can be allowed in the value of B. If this value of B results in an excessive 
value of magnetizing current, point X corresponding to 61 kilolines/sq. inch could 
be used. 

Likewise any other point could be selected providing other design considerations 
are satisfied, but the point A represents the optimum as regards the change of timing 
capacitance with input voltage. The point A can be found for any BH curve by suit- 
able positioning of the line OY. 

It should be noted that .having decided on the position of OY, and from this deriving 
the operating centre point, the values of B and H required for the timing capacitance 
calculation should be read from the line OY. 
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FIG. 32-11 
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SECTION 4 : ELIMINATION OF VIBRATOR INTERFERENCE 

The methods of eliminating vibrator interference can only be stated in general terms 
and the final arrangement will depend upon the layout and characteristics of the 
particular power supply. Where the vibrator power supply is not used with a receiver 
or similar sensitive equipment, the requirements of ' hash ' elimination are less 
stringent provided that there is no danger of interference being introduced into ad- 
jacent equipment. 

With sensitive receivers, particularly those covering short wave ranges, it is desirable 
to use a separate shielded chassis for the vibrator power supply as it may otherwise be 
impossible to eliminate hash at all points in the tuning range with the receiver aerial 
wrapped around the battery cable and battery, and with the receiver at maximum 
sensitivity. Such a chassis may be mounted on the main receiver chassis if desired, 
and in any case a flexible mounting (such as rubber grommets) is useful in reducing 
mechanical vibration and hum. 

When a separate chassis is used a satisfactory method of construction is to have all 
hot components, vibrator, vibrator transformer and timing capacitors, in a shielded 
compartment with the leads from this compartment — 'normally either two or three — 
by-passed at or near the point of exit and connected to a r-f choke immediately after 
leaving the compartment. R-F chokes are less useful on the other side of the shield. 
A common earthing point can still be used for all components by having a solder lug 
accessible from both sides of the chassis. 

It is sometimes found that better hash reduction is obtained with one or more com- 
ponents earthed in isolated places. However the improved results at one frequency 
are usually at the expense of increased hash at some other frequency. If this is not 
the case, the earthing point is liable to be critical and perhaps variable from unit to 
unit, i.e. the improvement is due to cancellation of hash and not to ehmination. This 
is undesirable in prototypes of equipment which is later to be mass-produced. 

R-F chokes are liable to have an appreciable field around them and layout must 
be such as to avoid introducing hash from such fields into circuits which have already 
been filtered. Special types of by-pass capacitors are available with braided leads to 
reduce their r-f impedance. These can give a considerable improvement over stan- 
dard types with wire pigtails. " Spark plates " are also useful. These are by-pass 
capacitors using the chassis as one plate, a thin sheet of mica as the dielectric and a 
sheet of say brass as the " hot " plate, the assembly being held together with in- 
sulated eyelets. 

Vibrator design is rarely a matter for ingenious circuits. Once the transformer 
and timing capacitors are correctly specified, layout and shielding are the most im- 
portant considerations and a minimum cost circuit is usually adequate. If trouble 
is experienced from hash it is not usual for a cure to result from a mere addition of 
by-pass capacitors to a circuit which already has a normal complement. For instance 
a unit in which all outgoing leads are " hot " is more likely (assuming reasonable 
filtering) to suffer from shielding troubles than from insufficient filtering of the leads 
in question. 

A convenient method for investigating the presence or absence of interference at a 
particular point in a receiver is to use a probe of shielded wire with the end bared and 
connected through a capacitor to the aerial terminal of the receiver used with the 
vibrator unit. 

Before hash ehmination from a prototype vibrator unit can be considered complete 
it is necessary to carry out the standard tests with a number of vibrator cartridges, 
some of which have been in service for long periods. Units in which hash suppression 
is only sufficient to silence the hash from new vibrator cartridges in good condition 
may give poor apparent cartridge life owing to the need for replacement as soon as 
sparking and the consequent interference occur due to slight wear. 

In Fig. 32.12 are shown the more usual arrangements and typical circuit values 
are given as a guide to the choice of suitable components. The timing capacitance is 
centre-tapped and its centre point is earthed. The two 100 ohm resistors, R t and i? 2 , 
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FIG.32-12 TYPICAL VIBRATOR POWER SUPPLY SHOWING INTERFERENCE 
SUPPRESSION COMPONENTS 



are not for hash elimination but to protect the vibrator transformer in the event of a 
timing capacitance short-circuiting. RFC! and RFC 2 are low resistance r-f chokes 
made of heavy gauge wire. RFC ± prevents interference being fed back along the 
battery leads which could result in these leads radiating interference to the aerial. 
RFC 2 prevents interference entering the r-f section of the receiver through the heater 
wiring. RFC 3 , a standard receiver r-f choke, is to eliminate interference frequencies 
in the plate voltage supply. The resistor R 3 is useful in eliminating the strong im- 
pulse interference which usually exists, although at the expense of some battery 
current. Alternatively, two separate resistors in series may be used across the primary 
contacts, the centre point of these being earthed. 

In 12, 24 and 32 volt systems where part of. the timing capacitance is usually 
placed across the primary circuit to aid starting, this capacitance has been found 
to be effective in reducing interference. This method can be used for 6 volt systems 
to reduce the interference, but if the transformer has considerable leakage inductance 
increased trouble may be experienced with spurious resonances — see Sect. 2(i). 



SECTION 5 : 12, 24 and 32 VOLT VIBRATOR SUPPLIES 

While the higher voltage of the 12, 24 and 32 volt systems has some advantages over 
the 6 volt systems, special precautions are necessary if successful vibrator operation 
is to be obtained. 

The higher voltage and consequently lower current, for the same power input, 
reduce the percentage voltage drop in the battery leads. The larger number of prim- 
ary turns which are required results in an improved space factor and the centre tapping 
of the primary winding is made easier because of the larger number of layers and 
smaller wire diameter. 

Against these advantages are the disadvantages of the additional circuit arrange- 
ments required for limiting the current during the starting period. Owing to the 
higher voltages existing across the contacts, ionization of the air between them will 
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more readily take place. This condition is particularly serious on starting where the 
correct conditions for the vibrator have not stabilized and heavy currents may flow. 
Fig. 32.13 shows a method of overcoming this difficulty, a three position switch 
being used to introduce some resistance into the battery lead for the starting con- 
dition. 
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FIG. 32-13 STARTING ARRANGEMENTS FOR 
24 AND 32 VOLT VIBRATORS. 



Condensers across the contacts to suppress the arc are not to be recommended 
unless the minimum value that just suppresses the arc is used. By splitting the timing 
capacitance and placing part of it across the primary, arcing can be reduced. If this 
is done, consideration should be given to possible resonances with the primary 
leakage inductance due to imperfect addition of the split timing capacitance — see 
Sect. 2(i). 

We wish to give acknowledgment to P. R. Mallory and Co., Inc., for much of the 
information and some of the diagrams in this Chapter, which have been adapted from 
their publication " Fundamental Principles of Vibrator Power Supply Design." 
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SECTION 1 : CURRENT REGULATORS 

(i) Barretters (a) Negative temperature coefficient resistors {Thermistors). 

(i) Barretters 

In a.c./d.c. receivers, the valve heaters are wired in series and connected across the 
mains supply. If the total of the heater voltages is less than the mains voltage a cur- 
rent-limiting fixed resistor or a barretter is used in series with the heater circuit to 
absorb the extra voltage. 



x uc disadvantage Oi tus uxsu resistor is tx*at tu.e 
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heater circuit are greater than if the circuit consisted of valve heaters alone. 

See Chapter 35 Sect. 6 for the application of series resistors and barretters to a.c./d.c. 
receivers. 

To maintain a constant current through the series heater circuit, with widely varying 
mains voltages, a barretter is generally employed. This consists of a hydrogen-filled 
tube containing an iron filament and has the property of nearly constant current flow 
for wide variations in voltage across it. The actual voltage limits between which 
satisfactory current regulation is obtained are stated by the manufacturers, and the 
barretters should be chosen with regard to these values. 
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Fig. 33.1. The characteristic of a typical barretter. 

A typical barretter characteristic is shown in Fig. 33.1 ; the portion of the curve 
within the dotted rectangle showing the useful operating voltage range and the 
tolerances on the current regulated by the barretter. 

It should be noted that the barretter is subject to a large surge current when switch- 
ing on as the resistance of the valve heaters is then only about one seventh or one tenth 
of their hot (running) resistance. 
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In certain cases, a maximum total of heater voltage to be connected in series with 
the barretter is specified on the manufacturer's data sheets. This then protects the 
regulator against excessive surge currents which would shorten its life. 

Owing to the iron filament, barretters should be kept well clear of any magnetic 
field which could damage them and for this reason a magnetic screen is sometimes 
used around them. As considerable power is dissipated in the barretter, the magnetic 
shield should be perforated and good ventilation provided. The barretter should 
always be operated in a vertical position, base down. 

Occasionally it is desired to increase, by a small amount, the current controlled by 
a barretter and this may be done, within certain limits, by operating it in parallel 
with a fixed resistance. This is not normally recommended since the effectiveness 
of the barretter is reduced. It may be used fairly satisfactorily for an increase of 
current up to about 10% of the current in the barretter. 

If the barretter is required to control a current which is smaller than its current 
rating, this may be accomplished by shunting the current-regulated device by a re- 
sistor to bring the total load current up to the normal barretter current. 

As with any other device, a barretter has manufacturing tolerances, but these are 
such that if a design is based on an average sample then no damage is likely to be done 
to the valves with any individual barretter. 

(ii) Negative temperature coefficient resistors (Thermistors) 

These are described in Chapter 4 Sect. 9(i)n. 

SECTION 2 : VOLTAGE REGULATORS 

(0 Gaseous tube voltage regulators (it) Valve voltage regulators. 

In cases where stability of plate voltage supply is essential, some form of voltage 
regulation must be provided to prevent changes due either to mains input or load 
current variations. 

(i) Gaseous tube voltage regulators 

The electronic voltage regulator is shown in its simplest form in Fig. 33.2. In 
this circuit a gas-filled two electrode tube is used as the voltage regulator. The 
characteristics of this tube are such that quite large variations of current through the 
tube do not greatly alter the potential drop across it. 

The circuit of Fig. 33.2 regulates the output voltage within certain interdependent 
limits of input voltage and load resistance. If the input voltage increases for constant 
load resistance or the load resistance increases for constant input voltage then in either 
case the voltage across R L tends to increase. AsE R tends to rise, the regulator tube 
takes more current and increases the voltage drop across R u maintaining the voltage 
E R at nearly its original value. The resistor R x is essential to obtain voltage regula- 
tion. Furthermore, as the striking voltage of the regulator tube is higher than its 
operating voltage, i? x is necessary to prevent excessive tube current. Table 1 gives 
values of minimum supply voltages required for starting the regulator tube, together 
with starting and operating voltages of typical tubes. 

Referring to Fig. 33.2, if E in = input voltage and I t = regulator tube current, 
the following equation holds 

E R = E in - (I L + /,) R, (1) 

The range of regulation or the maximum change in E in or R L within the region of 
regulation can be determined accurately for any conditions of operation by sub- 
stituting in eqn. (1) the limits of the variables E ini I L , I t , R L . The regulator tube 
must operate between the published limits of current rating. The change in one of 
the variables !?,„, or R L , can be much greater than in the other and when one of these 
changes is small the approximate range of regulation can be simply obtained by 
considering either E in or R L constant. If these conditions apply and E R is constant 
it follows by equating the partial differentiations of eqn. (1) to zero 

♦w AEi « - R > AI * rr> 

tiiat —= — — = Vivj, v_uiiauuiL; W 

= z — (E in constant) (3) 
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where AE in , Al L , Alt are the small increments in E in , I L , I t . The range of regu- 
lation is obtained by inserting in these equations the maximum value of Ah. 





TABLE 1 




Regulator 


Approximate 


Approximate 


Minimum 


Tube 


Operating 


Starting 


Supply 


Type 


Voltage 


Voltage 


Voltage 


OA2 (miniature) 


150 


160 


185 


OA3 


75 


100 


105 


OB2 (miniature) 


108 


115 


133 


OC3 


105 


115 


133 


OD3 


150 


160 


185 



Operation about the midpoint of the type OD3 characteristic gives Alt (max.) = 
(40 — 5)/2 = 17.5 mA. Consider the regulator subject to small changes in load. 
If for example I L = 175 mA, from eqn. (3) the range of regulation AI L /I L = 17.5/175 
= 10%. Equation (2) shows that a large range of regulations with variable E in is 
obtained when R 1 is large, i.e. when a large part of E in appears across R x . 

When small load currents are required and variations in E in and R L are small, 
satisfactory regulation can be obtained by operating the regulator tube at low average 
current. 

Regulation is frequently desired when R L varies over the very large range from no 
load to full load. In this case i? x is adjusted so that at no load the maximum tube 
current at maximum input voltage does not exceed the tube's rating, i.e., 40 mA for 
type OD3, Load voltage regulation is then obtained from zero load current to nearly 
35 mA if changes in E in are small. 

The tube voltage of types OD3, OC3 can change over their operating range by 
approximately 3% and this represents their limit of regulation under wide range 
conditions. 

If higher regulated voltages are required two or more tubes can be connected in 
series as in Fig. 33.3. Additional stabilized voltages may be taken off the individual 
tubes as shown. Tapping points may be provided on R L2 to give lower voltages, 
however if the load varies, good regulation will be obtained only if the current drawn 
from the tapping point is very small compared with the current through R £2 . Grid 
bias supplies for class A amplifiers may be effectively stabilized by the circuit of 
Fig. 33.2 with tappings as required — see chapter 13 Sect. 10(ii). 

The use of gaseous regulator tubes in parallel is not to be recommended as resistors 
must be put in series with each tube so that all tubes will start and share current 
equally. These resistors impair voltage regulation. Therefore when large currents 
have to be handled, grid controlled valve voltage regulators must be used. 
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Fig. 



33.2. Simplest form of gaseous 
tube voltage regulator. 



Fig. 33.3. Higher regulated voltage 
provided by two gaseous tubes in series. 



(ii) Valve voltage regulators 

A typical valve voltage regulator is shown in Fig. 33.4. The valve V 2 acts as a 
variable resistance whose value is varied by a change in bias. When the output voltage 
tends to decrease, the grid voltage of V 2 becomes less positive. As the cathode voltage 
of V 2 is kept constant with respect to earth by the gaseous voltage regulator tube V 3 , 
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and positive with respect to the grid, the fall in the positive value of the grid will in- 
crease the negative bias on the valve, and I h will decrease. This decrease of plate 
current will cause an increase in the voltage at the plate of V^ The plate of V 2 being 
directly connected to the grid of V x will cause a drop in the negative bias on V a and 
the plate-cathode voltage will decrease, tending to restore the original voltage drop 
across E R . 

The complete mathematical analysis of voltage regulator performance is fairly 
complex and for detailed information reference should be made to the bibliography 
at the end of this chapter. 

For practical purposes of voltage regulator design, the following method may be 
used. 



Fig. 33.4. 



A typical valve voltage 
regulator. 




FIG. 33. 4 



Referring again to Fig. 33.4. If constant output voltage is to be maintained across 
the load, the valve V x must be capable of adjusting its voltage drop to compensate for 
voltage input changes. A similar condition exists if the input voltage is constant and 
variable output voltage is* required. The valve has therefore to satisfy conditions 
at four points as set out in Table 2. 

TABLE 2 







Valve V x 




Output 














Plate Voltage 


Plate Current 


1 


Maximum Voltage 


Supply Voltage 


Maximum I L 




Maximum I L 


Maximum Output 
Voltage 




2 


Maximum Voltage 


Supply Voltage 


Minimum I L 




Minimum I L 


Maximum Output 
Voltage 




3 


Minimum Voltage 


Supply Voltage 


Maximum I L 




Maximum I L 


Minimum Output 
Voltage 




4 


Minimum Voltage 


Supply Voltage 


Minimum I L 




Minimum I L 


Minimum Output 
Voltage 





Each of these four points has its particular limitations as regards the operation of 
the valve to maintain the correct operating conditions without exceeding the maximum 
ratings. Reference should be made to Fig. 33.5 in which these four points are plotted 
for a triode-connected type 807 valve. 

Point 1 — this point must be kept in the negative grid-bias region of the curve and 
a bias of not less than —3 volts may be taken as the design minimum. This point 
must also be kept below the maximum plate or screen dissipation curve (whichever 
is first reached), and below the recommended value of current for a steady d.c. oper- 
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300 400 

TRIOOE PLATE VOLTAGE 



600 
FIG. 33.5 



Fig. 33.5. 



Plate characteristics of triode-connected 807 valve to illustrate operation 
of the valve as a voltage regulator. 



ting condition. It is important that point 1 be kept above a certain minimum value of 
plate voltage if linear characteristics are to be obtained from Y u a value of not less than 
125 volts on the plate being recommended. 

Point 2 — In order that this point should not come in the non-linear portion of the 
plate characteristics, a bleed should be arranged across the supply to limit the minimum 
current. This also aids power supply regulation (see Chapter 30 Sect. 3). 

Point 3 — This point should be kept below the maximum dissipation curve and 
below the maximum rated plate voltage for the valve being used. 

Point 4 — This point should be kept above the non-linear portion of the charac- 
teristics by means of a bleed as in (2) and also kept below the maximum plate voltage 
value for the valve being used. 

The maximum recommended usable section of the valve characteristic for type 807 
is shown enclosed by ABCD in Fig. 33.5. 

While it is possible to use higher plate current values at low plate voltages than 
appear in the diagram before the plate dissipation is exceeded, this is not to be recom- 
mended as reduced valve life may result. 

From the graphical construction can be seen the effect of large variations of input 
voltage to the regulator with varying output currents (i.e. poor regulation of the power 
supply). This will cause the point 2 to move along the plate voltage axis, which 
results in a reduction of the maximum variation of output voltage obtainable. When 
the power supply has good regulation and the input voltage is substantially constant, 
an output variation of ± 125 volts is obtainable about a nominal value. With a con- 
stant output voltage the same tolerances may be allowed in the input voltage i.e. 
± 125 volts. In each case it is assumed that the circuit conditions are set so that the 
valve is operating at its centre point for the nominal input or output voltage. 

It will be seen from this description that a choke input power supply is advisable. 
Reference should be made to Chapter 30 Sect. 3 for further information on choke 
input power supply design. 

For minimum voltage loss across Y x a valve with a high g m should be used. If the 
load current required from the regulated supply is greater than that obtainable with 
one series valve, then two or more valves may be placed in parallel. 
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Valve type 


Current (mA) 


6F6-G* 


45 


6V6-GT* 


50 


6L6-G* 


80 


6Y6-G* 


80 


807* 


80 


6AS7-G 


250 



♦Screen connected to plate through 500 ohm 1 watt resistor. 

Having now determined the operating conditions for V 13 the design may be extended 
to consider the operating conditions for the amplifier valve V 2 . 

From the knowledge of the voltage drop in V x required for the four operating points, 
the corresponding bias values can be determined. The voltage drop across the re- 
sistor R t is then given by the voltage drop across V x plus the required grid bias for V x . 

Having determined these voltages, the resistance i?! can be chosen to have a value 
which will give plate current values for the amplifier valve which are on the linear 
portion of its plate characteristics. 

The higher the gain of V 2 , the better will be the regulation, as a smaller change in 
output will be effective in adjusting the voltage drop across V 2 to correct the output 
voltage change. For this reason a pentode is recommended, the additional complica- 
tion of adding a screen supply being small for the improvement obtained. 

In general, the plate voltage for V 2 should be derived, through its plate load resist- 
ance Ri from the input voltage to the regulator, so that even at low output voltages 
not less than the minimum voltage drop of Vx plus its grid bias voltage will exist 
across R u The exception to this connection will be when the output voltage of the 
regulator is to be constant at a value of 200 or greater and the input voltage is to be 
varying over wide limits ; the effect of connecting i? x to the input in this case would be 
to reduce the effective gain of the valve. 
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UNREGULATED 
D.C. INPUT 
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-0 



O 
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Fig. 33.6. Simplest form 

of series valve voltage 

regulator. 



The connection of the gaseous voltage regulator tube V 3 also requires some con- 
sideration. It has been mentioned in Sect. 2(i) that changing the current through a 
voltage regulator tube will produce a small change of voltage across it. As this tube is 
used as the reference voltage for the regulator, any change in potential across it will 
have an adverse effect upon the regulator performance. For this reason, if a constant 
output voltage regulator is being designed, the series feed resistor for this tube should 
be supplied from the output side of the regulator, the extra current drawn by this tube 
being taken into account when considering the current rating for V x . In cases where 
the regulator has to supply varying output voltages, V 3 may be supplied from the input 
if this is sufficiently constant ; preferably, V 3 should be supplied from a separate 
source. 
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FIG. 33-7 

Fig. 33.7. Operation characteristics of circuit Fig. 33.6 — output versus input voltage. 

Circuits of typical voltage regulators and their performance figures are given in 
Figs. 33.6 to 33.14. 

In Fig. 33.6 is shown the simplest form of series valve voltage regulator, which, how- 
ever, with the circuit components and values shown, is capable of good performance. 
The results obtained with this regulator are shown in Figs. 33.7 and 33.8, from which 
several points should be noted. The variation of heater voltage as well as the input 
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Fig. 33.8. 



60 70 

FIG. 33.8 

Operation characteristics of circuit Fig. 33.6 — output voltage versus load 
current. 

direct voltage, the usual practical case, results in better regulation than that obtained 
with only direct voltage changes. This is due to a slight change of plate current in 
V 2 together with other minor circuit changes caused by the variation of cathode 
temperature in the valves. For rapid input voltage changes the regulation charac- 
teristic will be as for direct input voltage changes only since the cathode temperature 
cannot change rapidly. A value of 250 000 ohms for R t will be found to be sufficient 
for most purposes as little increase in gain is obtained by increasing R L above this value. 



100 A 




Fig. 33.9. Valve voltage regulator in 

which the screen is used to correct for 

input voltage changes. 



FIG. 33.9 



1220 



(ii) VALVE VOLTAGE REGULATORS 



33.2 



Such a value will allow this resistor as well as all others to be wire wound if particularly 
stable operation is required. 

No advantage is gained in the circuit of Fig. 33.6 in stabilizing the screen supply, 
this already being supplied from a substantially constant source. However screen 
stabilization is necessary when the screen is used to correct for input direct voltage 
changes A circuit of this type is shown in Fig. 33.9 and a constant or overcorrected 
output is obtainable. 



o.c. 
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SO- 300V 
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FIG.33.IO 



Fig. 33.10. Valve voltage regulator with a controllable output voltage. 



The circuit of Fig. 33.10 is useful where a controllable output voltage is ^required 
and is suitable for output voltages from 50 to 300. Regulation characteristics for this 
regulator are shown in Figs. 33.11 and 33.12. 



Fig. 33.11. Regulation 
characteristics for circuit of 
Fig. 33.10 — output versus 
input voltage. 
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Fig. 33.12. Regulation 

characteristics for circuit of 

Fig. 33.10 — output voltage 

versus load current. 
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To draw a constant value of bleed current from the variable voltage supply, in 
order to prevent soaring of the output voltage on no load, some form of constant cur- 
rent device must be used. Refer to explanation of points 2 and 4 under Table 2. 
A suitable circuit is shown in Fig. 33.13 in which a 6V6-GT type valve is used as a 
constant current pentode ; with plate voltages from 50 to 300 the plate current will 
only vary from 18.5 to 19.0 mA. 




D.C. OUTPUT 
>R. SO-300V 



Fig. 33.13. Valve voltage regulator with a controllable output voltage as Fig. 33.10 
but including constant current pentode to draw constant bleed current for varying 

output voltages. 



The condenser C^ in all circuits assists in the reduction of ripple from the regulated 
supply as the grid of V 2 then obtains the full ripple voltage from the supply instead 
of the fraction determined by the values R S) R A and R & (Fig. 33.4). This condenser 
should have a value not greater than that required for satisfactory ripple suppression 
as large values will cause a time lag in the operation of the output voltage control, a 
value of .01 to .1 pF being satisfactory for most purposes. 

The need for negative voltage supplies for several of the given circuits need not 
require the addition of a separate power supply ; reference should be made to Chapter 
30 Sect. 6 which gives details of shunt diode bias supplies which would be suitable 
for this purpose. The regulator tube current in typical circuits, except Fig. 33.14, 
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Fig. 33.14. Voltage regulator utilizing a special voltage reference tube {type 5651) to 
give extremely good voltage regulation. 
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may be adjusted to have a value of approx. 10 mA at the normal operating point of 
the regulator. 

For most applications these circuits will give adequate regulation but for details on 
compensated and the more complicated regulators reference should be made to the 
bibliography at the end of this chapter. 

The main limitation of all these regulators is the difficulty of obtaining a completely 
stable reference voltage, as gaseous voltage regulator tubes may stabilize at slightly 
different voltages when the unit is switched off and on again. This means that, 
although nearly perfect voltage regulation may be obtained, the voltage about which 
this regulation takes place is not always a constant value. 

This defect may be minimized by the use of a special voltage reference tube such as 
R.C.A. type 5651 as, for example, in the circuit of Fig. 33.14. The unregulated 
input is approximately 375 volts at zero load current and 325 volts at 225 mA load 
current. The variation of output voltage is less than 0. 1 volt for a variation of ± 10% 
in input voltage when operated at maximum load current. When adjusted to an out- 
put of 250 volts, the variation in output voltage is less than 0.2 volt over the current 
range from to 225 mA. 
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SECTION 1 : INTRODUCTION AND SIMPLE RECEIVERS 

(*") Types of receivers («) Crystal sets (iii) Regenerative receivers (iv) Super- 
regenerative receivers (v) Tuned radio-frequency receivers. 

(i) Types of receivers 

Radio receivers may be divided into several categories as the following tabulation 
shows : — 

(a) crystal 

(b) regenerative 

(c) superregenerative 

(d) tuned-radio-frequency 

(e) superheterodyne 

(f) synchrodyne. 

(ii) Crystal sets 

The simplest type of receiver employs a crystal such as galena, plus a " catswhisker," 
for a detector. This, together with a suitable tuned circuit and a pair of headphones, 
forms a satisfactory local station receiving set. Its disadvantages are poor sensitivity 
and selectivity, together with low output. Modern developments have made avail- 
able " fixed " germanium crystals which are being used satisfactorily as detectors. 
The transistor, or three element crystal, recently announced, offers the advantage of 
amplification as well as detection in the one unit. 

(iii) Regenerative receivers 

Higher sensitivity can be obtained by using a valve as a grid or plate circuit detector. 
Additional amplification can be obtained by means of reaction ; the feeding back of 
signal from plate to grid in the correct phase to aid the existing circuit gain. Oscilla- 
tion will occur if too much feedback is used, hence the necessity for judicious use of 
the reaction control, particularly for speech modulated signals, which would other- 
wise be rendered unintelligible. When operated near the point of oscillation, i.e. 
at maximum sensitivity, the selectivity is such that serious side-band cutting occurs 
and distortion of the a-f signal results ; this is usually the limiting factor in the amount 
of feedback that can be successfully employed. As the input circuit is coupled directly 
to the aerial, should the circuit oscillate, radiation will occur with the risk of inter- 
ference to other receivers operating nearby — hence the limited use of this circuit. 
An r-f stage between the aerial and detector assists in minimizing this trouble. 
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(iv) Superregenerative receivers (Fig. 34.1) 

The superre'generative receiver is basically similar to the simpler detector with 
reaction. It, however, is adjusted to the threshold of oscillation so that an incoming 
signal will cause the circuit to oscillate. At this instant, a local " quench " 
oscillator, operating at a low radio frequency, damps out the oscillation, thus ensuring 
that the receiver is operating continuously at maximum sensitivity. The oscillator 
can be combined with the detector or it can be a separate valve. Although very 
sensitive, the superregenerative receiver has poor selectivity due to circuit loading. 
In addition, interference is also caused by radiation from the " quench " oscillator. 
It is used mainly for higher frequency work where fidelity is unimportant and high 
sensitivity from simple apparatus is required. 

See also Chapter 27 Sect. l(ii)F page 1087 for further information. 




Fig. 34.1. Self quenched superregenerative 
receiver incorporating linear reflex detector. 



(v) Tuned-radio-frequency receivers (Fig. 34.2) 

The simpie receivers described above can give improved selectivity, sensitivity 
and output by the addition of radio frequency and audio frequency amplifier stages. 
Two or three r-f stages are commonly used ahead of the detector, which is usually 
of the plate detection or power-grid type. One or more a-f stages follow the detector 
depending upon the power output required. Such receivers are simple to design and 
construct for broadcast frequencies but present difficulties at higher frequencies. 
This is due to the risk of instability resulting from all the gain being achieved at the 
signal frequency. Tracking also becomes a problem as the frequency increases. 
In general, the defects of the tuned r-f receiver are variation of sensitivity and selec- 
tivity with frequency over the tuning range. 

At broadcast frequencies, tne circuit simplicity and ease of alignment are the main 
advantages. 







Fig. 34.2. Typical t.r.f. receiver 
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SECTION 2 : THE SUPERHETERODYNE 

The superheterodyne receiver as illustrated in Figs. 34.3 and 34.4, has several 
important advantages over other types of receivers. In the superheterodyne circuit, 
the incoming signal frequency is changed to a lower frequency, known as the inter- 
mediate frequency. The major part of the amplification then takes place at this 
frequency before detection in the normal manner. The typical superheterodyne 
tuner consists of several distinct sections. These are : — 

(a) Preselector or r-f amplifier 

(b) 1st detector or mixer 

(c) Oscillator 

(d) I-F amplifier 

(e) 2nd detector. 

Section (a) may or may not employ one or more r-f amplifiers. Its main functions 
are to improve the signal-to-noise ratio and to provide a sufficient degree of selectivity 
to avoid " double-spotting." This latter is the term applied to the reception of one 
station transmitting on a certain definite frequency, at more than one point on the 
tuning dial. 
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Fig. 34.3. Superheterodyne receiver — block diagram. 

The first detector stage receives the modulated signal from the preselector and 
also an unmodulated signal from a local oscillator. These two r-f signals are arranged 
to differ by a constant frequency by suitable design of the preselector and oscillator 
tuning circuit constants. The output of the first detector is tuned to this difference 
frequency and as a result the original signals and their sum frequency are suppressed. 

Various types of first detectors have been used, the most popular being the penta- 
grid and triode hexode converters (Refer Chapter 25). The tickler-feedback oscilla- 
tor is very commonly used and optimum adjustment of this circuit minimizes harmonic 
production with its attendant whistles and spurious responses. It also ensures maxi- 
mum conversion conductance from the first detector circuit and optimum signal-to- 
noise ratio. 

The fixed frequency amplifier, called the intermediate frequency or i-f amplifier, 
usually consists of 1 stage, i.e. a valve and two i-f transformers, input and output. 
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Fig. 34.4. Typical dual-wave superheterodyne receiver. 
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In wide band and communication receivers, two or more stages are commonly used. 
The intermediate frequency in general use is 455 Kc/s. Earlier receivers used 175 
Kc/s but with the appearance of powdered iron cores and the development of high 
slope amplifier valves, the previous objection to the use of higher intermediate fre- 
quencies, i.e. lower gain, was nullified. 

The higher i-f now in use considerably reduces the incidence of " double-spotting " 
i.e. the reception of the same station at two points on the receiving dial, one removed 
from the other by twice the intermediate frequency. Thus with an intermediate 
frequency of 455 Kc/s the first " double-spot " would be at 1460 Kc/s, which is 
near the upper limit of the broadcast band if this is taken as from 550 to 1600 Kc/s. 

As most of the receiver amplification occurs at the intermediate frequency, which is 
fixed in frequency, the overall gain does not change appreciably with signal tuning. 
Similarly the selectivity remains approximately constant as this is largely predeter- 
mined by the i-f channel. 

From the i-f amplifier the signal passes into a second detector stage where the 
audio frequency modulation is separated from the carrier and then amplified in the 
normal manner by a conventional a-f amplifier. If, as is usual, a diode detector is 
employed, the rectified carrier provides a direct voltage which can be used for 
various control purposes. The principal use is for automatic volume control, or, more 
exactly, automatic gain control. In this circuit the negative direct voltage, which 
increases with an increase in signal, is applied through suitable decoupling networks 
to the r-f, i-f and first detector grids as required. This overcomes, to a considerable 
degree, the effect known as " fading." 

For the reception of continuous wave code signals another oscillator is necessary. 
The output from this is fed into the second detector and adjusted to give a suitable 
audio difference frequency, say 1000 c/s, when beating with the incoming code signals. 

The advantages of the superheterodyne over the tuned-radio-frequency receiver 
are : — 

(a) more uniform sensitivity and selectivity over the tuning range, 

(b) stability is greater, as the major part of the amplification takes place at a 
low radio frequency, 

(c) the i-f amplifier can be designed for minimum sideband cutting, while pre- 
serving reasonable gain, 

(d) greater selectivity. 

It should be noted that the superheterodyne contains more tuned circuits than the 
t.r.f. receiver, but fewer tuned circuits are continuously variable. 
See References (B). 



SECTION 3 : THE SYNCHRODYNE 

A newer type of receiver is the " synchrodyne " (Fig. 34.5). In this design, selec- 
tivity is obtained without resort to tuned circuits or band-pass filters. The block 
diagram of Fig. 34.5 will facilitate the understanding of the operation of this circuit 
which requires no tuning circuits other than that of the oscillator. Here, the desired 
incoming modulated signal is heterodyned with a local unmodulated signal of the same 
carrier frequency. The output from the detector, consisting of the required modula- 
tion plus unwanted higher frequency components from stations operating on adjacent 
channels, is then fed to an a-f amplifier through a low-pass filter. 

This simple filter can readily be designed to cut off sharply at any requisite point 
whereas the usual superheterodyne band-pass filters require many elements and 
generally reduce the response at a considerably lower frequency than that desirable 
for optimum results. 
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Fig. 34.5. Synchrodyne receiver— block diagram. 

The selectivity of the synchrodyne depends upon the oscillator circuit and a re- 
striction of the frequency band there does not affect the a-f response. 

To avoid beats in the output signal the local oscllator must be synchronized or 
" locked " with the wanted carrier. One advantage of this receiver is that it is either 
correctly tuned or not tuned at all. Distorted output due to mistiming is thus im- 
possible. The only effect of altering the oscillator timing within the synchronizing 
range is to change the volume level. 

If necessary, a broad-band r-f amplifier can precede the detector to avoid strong 
stations overloading the receiver. As in the typical superhet, a.v c. voltage derived 
from the detector output can be used for gain control. 

The main disadvantage of this receiver is that loud heterodyne whistles are heard 
when tuning in a station. This defect can be readily overcome by the use of push- 
button tuning, and hence the synchrodyne is likely to be most popular for high- 
quality local-station reception. 

See References (Q. 
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SECTION 1 : INTRODUCTION 

The design of A-M receivers as discussed in this chapter is taken as design for 
quantity production, since it is normally only under these conditions that a signal 
generator, a wave analyzer, a low-distortion beat frequency oscillator and suitable 
valve voltmeter and other meters are available. 

The design of the individual stages in a receiver has been covered in the earlier 
chapters of this Handbook. It is assumed here that the receiver designer has already 
studied these earlier chapters or has equivalent knowledge. The present chapter 
covers the design procedure and certain general features which affect more than a 
single stage. 

The first stage in "a design is the drawing of the circuit of the receiver. This state- 
ment contrasts with the views of those who believe the circuit to be the last stage, 
but whereas most engineers can readily draw a usable circuit for any normal type 
of receiver, there are few conscientious engineers who could build such a receiver and 
not find that after alignment and adjustment they did not wish to make some modi- 
fications to remove faults or to improve the performance in some way. Accordingly 
the circuit is the first stage, modifications to layout and perhaps to the circuit as a 
result of measurements and operating tests are the second stage, the measurement of 
all performance figures and checking of all ratings and tolerances the third stage and 
the making of a final sample the last stage. 

The fact that after the final sample is finished it frequently becomes necessary to 
revert to stage two again, should not be taken as a reflection on the design engineer 
but rather as an illustration that there is far more to a receiver than the circuit (Ref. 29). 
What are (apparently) minor changes in layout may introduce unforeseen difficulties 
with, say, the symmetry of the i-f amplifier, a tendency to instability due to feedback 
from the i-f amplifier to the aerial terminal or any one of a dozen other possible sources 
of trouble. 

In a good design prehminary calculation will have been carried far enough to ensure 
that the circuit as first drawn will be such as to allow the specifications to be met with 
a minimum of components and the model will have been built with an adequate know- 
edee of the practical troubles likelv to be encountered so that thev mav be a minimum. 
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SECTION 2 : SPECIFICATIONS AND REQUIREMENTS 

The designer of a commercial radio receiver has in general three sets of specifications 
to meet. Firstly there are the specifications of the relevant authorities in the countries 
concerned. 

Secondly a brief technical specification is usually supplied to the designer. This 
will include the more obvious electrical features of a receiver such as 

1. Power supply details ; a.c., a.c./d.c, accumulator or dry battery, with the re- 
quired range of operating voltages in the first two cases. 

2. Frequency coverage of various wave ranges, including any bandspread ranges. 

3. Sensitivity at three points on each wave range covered. 

4. Noise ratio, usually at one input only, say 5 /*V. 

5. I-F selectivity for an attenuation of 2 times, 10 times, and 1000 times, and perhaps 
figures for similar conditions on the broadcast band. 

6. Image ratio at three points on each wave range covered. 

7. Battery consumption for battery receivers and perhaps power consumption for 
a.c. receivers. 

Thirdly, there is usually a large number of requirements which are unwritten and 
taken for granted as being part of a good design, but which are all-important from 
the point of view of the ultimate buyer and user of the receiver. These requirements 
include such details as 

8. Suitable a.v.c. and noise performance of the receiver, as discussed later in this 
chapter. 

9. A-F fidelity, including the response of the loudspeaker as mounted in the cabinet. 

10. A satisfactory tuning response, i.e., a minimum of unpleasant effects as the re- 
ceiver is tuned to a strong or weak station or even when tuned between stations. 

11. An absence of objectionable hum under all conditions, such as, for instance, with 
a strong unmodulated carrier tuned in and the volume control well advanced. 

12. A low volume level when the volume control has been turned to its minimum 
position. 

13. An absence of microphonic effects under normal conditions of use. 

14. An absence of unnecessarily objectionable effects when the volume control is 
turned up to or past the a-f overload point. 

15. A satisfactorily low heat rise in the power transformer and other components 
after long periods of continuous operation, and operation of all components 
within their maximum ratings under all conditions. 

16. Satisfactory performance from battery operated receivers even when the battery 
voltage under load has fallen by at least one-third of the original voltage. 



SECTION 3 : GENERAL DESIGN 

(i) A.V.C. and noise .(») Audio-frequency response (Hi) Hum (iv) Microphony 
(v) Instability (vi) The local oscillator (vii) Cabinet design (viii) Ratings (ix) Field 
testing. 

(i) A.V.C. and noise 

(A) Noise measurements as such can conveniently be made by the e.n.s.i. method 
as described in Chapter 37 ; however a.v.c. and noise are grouped together in this 
section as they are plotted on the same a.v.c. curve, around which a large part of the 
design of a receiver may take place. Such curves are preferably taken by Scroggie's 
method (Ref. 50) as described in Chapter 27 Sect. 3(xiv) ; Fig. 35.1 shows typical 
curves which might have been taken during the development of a receiver. 
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Before the curves are studied in detail it is proposed to discuss briefly the way in 
which overall receiver noise may vary with the application of a.v.c. bias to different 
valves in a receiver. Shot noise is generated essentially in the plate circuit of a valve. 
The expression connecting noise current in the anode circuit, and direct anode current 
is 

/„ = AVhAF (1) 

where /„ — noise component of anode current, 
I d = direct anode current 
AF — bandwidth 
and A = a factor which varies with different valve types, triodes having the lowest 
values, and converters or mixers the highest. 
Since the multiplication by g m of the signal at the grid of a valve gives the plate 
current due to the signal, so the division of a plate current component by I'm gives the 
magnitude of an equivalent signal at the grid. Thus the equivalent shot noise at the 
grid is 

Eih ot = ~ (2) 

from which it can be seen that for an equivalent valve type the lower the ratio of 
y/T~d to g m the lower will be the shot noise of the valve. 

It will be found with remote cut-off valves that as the grid bias is increased above 
the value used to obtain maximum gain the shot noise is also progressively increased. 
A convenient demonstration of this can be found in Fig. 27.39 which gives characteris- 
tics of the 6SK7, a type frequendy used as a r-f amplifier. With 5 volts bias the 
numerical value of the factor ~s/li/g m is 1.6 whilst with 10 volts bias the value is 3.5. 
Thus the shot noise of the valve has more than doubled when the bias is increased 
from 5 to 10 volts. 

In addition, the gain of the stage is of course also decreased, and if the following 
stage is contributing to the total noise of the receiver it will add a larger amount to the 
total equivalent noise as increased negative bias is applied. This is because the noise 
voltage of the second stage is divided by the gain of the first stage to refer it to the 
grid of the first valve. 

It is worth noting that, if noise calculations are carried out in terms of noise re- 
sistance, then the noise resistance of the second stage will be divided by the square 
of the voltage gain when being referred to the first stage. This follows from eqn. (2) 
in Chapter 23 Sect. 6 which expresses thermal agitation as a voltage e n in series with 
a resistor R where 

e n * = 4KTAFR. 
Thus as noise voltages are direcdy multiplied, or divided, by stage gains, noise re- 
sistances must be multiplied, or divided, by the square of the stage gain to give the 
same result. 

With an ideal receiver a ten times increase of signal input would give a ten times 
increase of signal-to-noise ratio. In addition the output of the receiver would be 
unchanged (because of the ideal a.v.c. curve) so that the gain of the receiver must 
decrease ten times and the noise must also decrease ten times. This could be accom- 
plished by decreasing the a-f gain ten times, or by decreasing the gain of any stage 
which made no contribution to the equivalent noise at the first grid. Such a stage 
would be one with a large amount of gain between its own grid and the grid of the 
first stage. If however the gain of the input stage were decreased by a.v.c. bias, even 
in conjunction with a reduction in gain of other stages, then the noise of the input 
stage could increase and the improvement in signal to noise ratio be less than the maxi- 
mum possible. 

This applies particularly when the input valve is a converter. From Fig. 23.20 
it will be seen that the noise resistance of a 6SA7 is 240 000 ohms whereas the im- 
pedance of an aerial coil secondary of 200 microhenries and with an effective Q of 50 
is approximately 60 000 ohms when resonated at 1000 Kc/s. With such an input 
valve and coil, receiver noise would be determined by the input valve noise alone — 
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see Chapter 23 Sect. 6(iv) for method of adding noise voltages — so that any increase 
in valve noise would decrease the signal-to-noise ratio. 

However if the input valve were a 6SK7 r-f amplifier its noise resistance of H 000 
ohms would be appreciably less than the tuned circuit impedance (at 1000 Kc/s) and 
an increase in valve noise resistance of 14 db due to a.v.c. application would make less 
than 3 db difference to the receiver's signal-to-noise ratio. At the low frequency end 
of the band the tuned circuit impedance would be only about 30 000 ohms and a 
correspondingly smaller increase in valve noise resistance would be permissible. 

On the short wave band, where tuned circuit impedances are of the order of 5000 
ohms in the middle of the tuning range, noise from valves must always be considered. 

Thus from the point of view of signal-to-noise ratio, the best point of a.v.c. applica- 
tion is the last i-f valve. However with a.v.c. applied to the last i-f valve alone, severe 
overloading of this valve would occur with quite small inputs. The result therefore 
must be a compromise and a solution is to delay the application of a.v.c. to the first 
stage of a receiver until the desired signal-to-noise ratio has been achieved for the 
smallest possible input, and to apply as much a.v.c. as possible to the stage as the input 
increases above this point. 

The importance of this is not always realized, but money and time spent on im- 
proving aerial coils to obtain chiefly a good signal-to-noise ratio at, say, 5 tiV input, 
can be largely wasted by poor a.v.c. circuit design which at larger inputs wastes the 
advantage gained. Consider two receivers, A and B. A has a good aerial coil giving 
a 1000 Kc/s signal-to-noise ratio of 15 db at 5 iiV input and its a.v.c. characteristic 
is such that a 20 db increase in input gives a 14 db increase in signal-to-noise ratio. 
B has a poorer input circuit giving a 9 db signal-to-noise ratio at 5 /*V and an a.v.c. 
characteristic giving 19 db increase in signal-tornoise ratio for each 20 db increase 
in input. The signal-to-noise ratios of the two receivers for various inputs are tabu- 
lated below. 

SIGNAL TO NOISE RATIO (db) . 



Input (tiV) 


Receiver A 


Receiver B 


5 


15 


9 


50 


29 


28 


500 


43 


47 


1000 


47 


53 



It will be seen that although the noise ratio of A is twice as good (6 db difference) 
as that of B at 5 iiV, yet for an input of 1000 tiV B is twice as good as A. Far more 
use is made of a receiver with inputs above 80 tiV — where B is superior — than with 
inputs below 80 ^V where A is superior. In receivers with average a-f characteristics 
the signal-to-noise ratio cannot be ignored until it is in excess of 40, and preferably 
45 db. 

A typical a.v.c. design problem is illustrated in Fig. 35.1 where curves Al and Bl 
represent the output of a receiver with an input modulated 30% at 400 c/s, and curves 
A2 and B2 represent the noise output with unmodulated input. 

Curves Al and A2 could be taken on a receiver with high i-f gain, low a-f gain and 
with a.v.c. obtained from the primary of the 2nd i-f transformer and applied to the 
converter and i-f amplifier without any delay. The curves show the following faults 
in the receiver. 

(a) The sensitivity of the receiver (for 50 mW output) could readily be improved. 
As the output is 6 db below 50 mW for 1 tiV input, it could be increased to 50 mW by 
doubling the input, if the effects of noise were neglected. As some of the output 
from the 1 /xV input is noise, somewhat more than 2 tiV input would be needed, but 
the existing sensitivity of the receiver (6.5 itV) could at least be doubled. 

(b) An output of even two watts cannot be obtained from the receiver for a 30% 
modulated signal less than 1000 tiV. Although all normal signals have a maximum 
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Fig. 35.1. A.V.C. and noise characteristics. 

modulation depth greater than this, experience shows that if the impression of in- 
sufficient output on a weak signal is to be avoided, a receiver should deliver its full 
a-f output from a 30% modulated signal. 

(c) The signal-to-noise ratio of the receiver could be improved at any input between 
5 /iV and 1000 juV with the greatest improvement at the higher inputs. 

Faults (a) and (b) could be removed by increased a-f gain, perhaps by reduction 
of negative feedback, or by substituting a pentode a-f amplifier for a triode. For 
instance the curve Al shows that with another 6 db of a-f gain the receiver would have 
a sensitivity of 1 fiV and would give a power output of 2 watts with 80 fiV input. 
A-F gain is specified since additional i-f gain would alter the a.v.c. characteristic. 

However a different modification to the receiver would simultaneously correct 
faults (a) (b) and (c). Fault (c) is due to the fact that at all inputs above 1 /xV, a.v.c. 
is applied to input valve of the receiver. This is known because the rate of increase 
of signal-to-noise ratio is appreciably worse than the ideal. Accordingly an obvious 
remedy is to use delayed a.v.c, and with the object of obtaining the maximum possible 
signal-to-noise ratio up to 100 /*V, the delay might be removed at this figure, with 
results as shown in Bl and B2. From these curves the following information is 
obtained. 

(a) The sensitivity of the receiver (for 50 mW output) is now slightly better than 
3 fiV. 

(b) An input of 20 /nV will give an output of 2 watts. 

(c) The noise ratios of the receiver before and after modification are as tabulated 
below. 

SIGNAL-TO-NOISE RATIO (db) 



Input jtV 


Original receiver 


Modified receiver 


5 
10 
10 2 
10 3 


9 
14 
29 


10 

151 
34£ 
43 



correction of the three previous faults has however introduced other troubles. 

(d) Although the a.v.c. characteristic of the receiver is now flat within ± 2db for 

inputs varying between 100 and 100 000 /*V, severe modulation rise occurs with inputs 
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of the order of 1 volt. This is because the much larger signal at the plate of the last 
i -f valve (3 times larger with 0.1 volt input) is causing overloading. 

(e) With any input from 100 /xV upwards, the a-f system will be severely over- 
loaded if the volume control is turned to maximum. In other words the useful range 
of the control is decreased and the receiver will behave unpleasantly if carelessly 
handled. 

Depending on the amount of design time and component expenditure which can be 
afforded, a compromise between the various faults might take the form of 

(a) No delay to the a.v.c. and only a fraction (say one half) of the developed a.v.c. 
voltage applied to the controlled grids. This would allow curve Al to rise more 
rapidly, and would minimize the increase in noise in the first valve with a.v.c. applica- 
tion. 

(b) A smaller amount of delay than that used for curve Bl. An appropriate 
amount would allow the receiver output to reach its maximum just as the delay dis- 
appeared. This would give maximum possible signal-to-noise ratio up to about 30 
ftV only. 

(c) A better solution might be to use a fraction of simple a.v.c. on the i-f valve and 
full delayed a.v.c. on the first valve. By this means the signal-to-noise ratio could 
increase at the maximum rate until say 500 ^V input, without the maximum output 
rising excessively, and for larger inputs the first valve could be heavily controlled. 

For further information which can be obtained from curves such as those shown 
in Fig. 35.1 see Chapter 27 Sect. 3. 

(B) Miscellaneous matters 

1. Consideration of a typical a.v.c. curve will show that it is quite possible to have 
too much a-f gain (Refs, 26, 31) or too much i-f gain in a normal receiver. Too much 
a-f gain will merely move the whole a.v.c. curve upwards, and after full output from 
a receiver can be obtained for some reasonably small input, any further increase in 
a-f gain will allow severe overloading to occur with the volume control at maximum, 
and increase any hum troubles. 

On the other hand as i-f gain is increased, so developed a.v.c. voltages are increased 
and an extremely sensitive i-f channel could develop sufficient a.v.c to bias the valves 
back appreciably for 1 /iV input. As a result the signal handling capabilities of the 
valves would be seriously reduced at large inputs due to their having unnecessarily 
high bias. 

It is even possible to have too much r-f gain, at least on a particular band. If the 
gain of a r-f stage is 50 on the broadcast band, and 10 at the low frequency end of the 
short wave band, then the a.v.c. curves for the two bands can only be a compromise, 
and if there is sufficient sensitivity on the short wave band, excessive a.v.c. voltages 
will be developed with large inputs on the broadcast band, leading to i-f overloading. 

A convenient method of reducing broadcast band r-f gain is to tune the high im- 
pedance r-f transformer primary to a very low frequency by using an additional 
capacitance, say 80 ppF, across a 4 mH primary. This method has the advantage of 
reducing the pulling of the primary on the tuned secondary circuit which may mini- 
mize tracking problems. Also it needs no additional switching as the wave ranges are 
changed. 

2. Mention has previously been made of the necessity for having a suitable time 
constant for the a.v.c. system [Chapter 27 Sect. 3(xii)]. One type of distortion which 
can be very distressing is caused by a time constant which is too small. Under these 
conditions the potential on the a.v.c. line follows the a-f modulation on the diode 
load, although because the filter used is a resistance capacitance type, only low fre- 
quencies are present and the lower the frequency the less the attenuation by the a.v.c. 
filter. As a result the i-f gain of the receiver is varied at an a-f rate and while the 
effect on a single low frequency is to reduce its amplitude, the effect on a musical 
programme is to modulate the whole a-f output with its lower frequency components. 
The resulting reproduction sounds very rough, broken up and unpleasant. A time 
constant of 0.1 second must be regarded as a rninimum if this effect is to be avoided 
and larger values are preferable. 
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3. Unpleasant tuning effects are usually due to the a-f frequency characteristics 
of a receiver, the a.v.c. system or a combination of the two (assuming that the receiver 
is stable under all conditions). So far as the a.v.c. is concerned it can be appreciated 
that with the a.v.c. voltage derived from the signal diode it is quite possible to over- 
load the first valve in a receiver while a strong station is being tuned in. Signals of 
0.5 volt are quite frequently met, and as a receiver having a resonant aerial coil gain 
of 10 is tuned towards such a station the signal voltage on the grid of the first valve 
where the selectivity is very poor compared with the selectivity of the i-f channel 
might reach 4 volts before any appreciable a.v.c. voltage is developed. Since the 
first valve might be operating with only 3, or even 2, volts of standing bias severe 
overloading and distortion would occur, although with the receiver tuned in correctly 
the valve would probably receive enough bias to allow it to handle the signal without 
distortion. To minimize this trouble a.v.c. is best developed from a less selective 
source, the primary of the last i-f transformer, even at the expense of another few 
components. Some advantage in smoothness of tuning is obtained on all stations, 
apart from extreme cases such as mentioned above, since whenever the receiver is 
detuned from a station, a larger a.v.c. voltage is obtainable from the less selective 
source, so that the volume of sound distorted by the mistuning of the receiver is re- 
duced. 

4. Although the ideal often aimed at is a flat a.v.c. curve, it must be realised that too 
close an approach to such an ideal has disadvantages, and is in fact undesirable for 
a normal A-M commercial receiver. Many receivers are used in situations with high 
noise levels, although in most cases the noise is of lower amplitude than the local 
stations. Under these conditions an a.v.c. curve flat from say 10 /*V to 1 volt input 
will be responsible for the receiver making far more noise than is necessary when being 
tuned between stations. 

For the purpose of providing minimum noise between stations, an a.v.c. curve would 
be designed to be reasonably flat over the range of inputs covering most of the local 
stations, and at lower inputs would decrease as rapidly as possible. Of course the 
minimum tuning noise requirement for an a.v.c. curve is not the only one, or even 
the main one, but it should not be overlooked. 

It will be found that the flattest a.v.c. curve that is desirable is one which rises per- 
haps 20 db between 1 /xV and say 250 fiV input and increases between 250 fiV and the 
maximum input at the rate of 2 or 3 db for each 10 times increase in input. The 
noise and static heard on stations below 250 jiV give the illusion of a curve much 
flatter than is actually the case. 

(ii) Audio-frequency response 

(A) The design of the a-f end of a radio receiver is of particular importance, as its 
' tone ' is the one feature of a receiver's performance which is continually evident to 
the user. In spite of flat-frequency-response ideals, the object to be aimed at is 
always to provide pleasing performance, and consideration of the intended use of a 
receiver is necessary before it can be known what constitutes pleasing performance. 

For the majority of its working life an A-M broadcast receiver provides background 
music for people whose main attention is concentrated on something else, and the 
chief purpose of a receiver is consequently to sound pleasant under all conditions. 

As a secondary requirement, the frequency range of the receiver should be as great 
as possible, so long as this does not introduce any undesirable effects. For instance 
a restricted frequency range is preferable to an extended one with added distortion. 

If a receiver were designed with a very flat frequency response the listener's reaction 
would probably be that it was lacking in bass. This is readily explainable from the 
effects of scale distortion as discussed in Chapter 14 Sect. 8, and the designer's first 
modification to the response of the a-f end of a receiver is to increase the bass. This 
can be done in three ways ; an increase which is not affected by any of the receiver's 
controls ; an increase which can be altered by means of a tone control ; and an in- 
crease which is dependent on the setting of the volume control so that at maximum 
volume there is little or no bass boost. A circuit of the last type is shown in Fig. 35.2, 
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or negative feedback can be used as in Fig. 35.3. In each case the values of com- 
ponents shown are typical, but final sizes are governed by the acoustical qualities of 
the cabinet and loudspeaker, and the response of the remainder of the receiver. See 
also Chapter 15 Sects. 3 and 10. 

There is a limit both in frequency and amplitude to the 
amount of bass boosting that can be used. Considering 
frequency first, if the response is too high in the region of 
150 c/s, reproduction becomes boomy and is very annoying 
to listen to for a period of time. Even worse is excessive 
gain at frequencies lower than the bass resonant frequency 
of the loudspeaker. These frequencies cannot be repro- 
duced as fundamentals and any output is due to frequency 
doubling. 

In addition the primary impedance of the output trans- 
former falls to such a low value, due to insufficient primary 
inductance in a normal cheap transformer, that the output 

valve can only provide a small fraction of its mid-frequency pi„ 352. Bass 
undistorted output before distortion becomes serious at boost varied with 
frequencies appreciably below 100 c/s. volume control set- 

Even if these objections are overcome it is found that a tvn S- 

good response below 50 c/s in the great majority of radio receivers is a liability rather 
than an asset, as hum, turntable rumble, wow and extraneous noises from broadcasting 
stations become objectionable. Within the receiver itself microphonic and hum 
troubles are increased. 

From the aspect of the amplitude of the bass boost it must be remembered that a 
receiver, with say 4 watts maximum undistorted output and a 12 db bass boost at 
some frequency below 100 c/s will overload very readily at the bass boost frequency. 
Assuming power output at low frequencies equal to that at mid-frequencies [which 
is certainly not the case in an average radio receiver owing to the reduced load im- 
pedance and the elliptical load line of the output valve (see Chapter 2 Sect. 4)] then 
an input which will give 300 milliwatts of output at the mid-frequency will overload 
the amplifier at the bass boost frequency. Although the overloading is due to low 
frequency excitation, intermodulation products will occur throughout the a-f spectrum 
when music is being reproduced. 

On the other hand excessive high frequency response can also have undesirable 
effects. The frequency range from 2500 c/s to 3500 c/s is very unpleasant if over- 
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A-F end of receiver with compensated negative feedback and feedback tone 
control. 
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accentuated, and where higher frequencies are to be emphasized it is essential that 
distortion throughout the system be kept to a minimum (Ref. 32). 

Particular care must be paid to the tuning characteristics of the receiver if the a-f 
response is to be extended above 5000 c/s. When listening to a correcdy tuned station 
the selectivity of the receiver normally limits the high frequency input to the a-f end, 
but during tuning both distortion and emphasis of high frequencies occur, and these 
effects are exaggerated with an extended high frequency response. 

Since in a normal superheterodyne receiver the selectivity is such as to give an 
attenuation of 6 db at about 3500 c/s and 20 db at about 7500 c/s, it is obvious that the 
upper end of an a-f response which is flat to 7500 c/s is useless. If any serious attempt 
is to be made to reproduce frequencies above 5000 c/s the first srep to be taken is to 
broaden the i-f amplifier — Chapter 11 Sect. 3(iii). 

It was mentioned above that under conditions of reasonably extended a-f response 
the distortion throughout the system must be kept to a minimum. The system, of 
course, can include a recording, a pick-up, and a transmitter, in addition to the re- 
ceiver, and as only one link in the chain needs to cut the high frequencies from the 
reproduction — or add distortion — to make extended high frequency response in the 
receiver either useless or a liability, it is seldom that it is desirable to extend the res- 
ponse of the a-f end of a typical radio receiver beyond about 5000 c/s. 

(B) It sometimes becomes necessary to design the frequency response of a receiver 
to do more than provide the most pleasing tone. For instance, in small battery re- 
ceivers the a-f output is always restricted because of the small output valve used and 
the need to economize on battery current, and it is usually desirable to modify the 
frequency response to make the most of the output that is available. This can be 
done by providing a comparatively high level between 1000 c/s and 2500 c/s com- 
pared with the 400 c/s output. This emphasis should not of course be carried to 
the stage of making the receiver sound unpleasant either when playing normally, or 
when overloaded, as receivers with small output are often operated in this latter 
condition. 

(C) In addition, the frequency and damping of the loudspeaker low frequency 
resonance and the frequency and prominence of the high frequency resonance can 
have a considerable effect on the apparent maximum output when no electrical fre- 
quency compensation is used. If the low frequency resonance is too heavily damped, 
there will be loss of bass response. In mantel battery-operated receivers the damping 
is often reduced to the minimum by the use of a power pentode either without feed- 
back or with negative current feedback (e.g. Fig. 35.4). In the latter case there will 
also be reduction of distortion. Care should be taken when using this circuit that 
the high frequency response does not extend to frequencies where it is undesirable. 
A suitable value of resistance for R would be 0.1 or 0.2 ohm (depending on the 
gain of the a-f amplifier) so that the loss in output power is more than offset by the 
advantages. 



Fig. 35.4 Simple 
current feedback. 




Where frequency compensation is used in a receiver, the speaker resonances are 
chosen with a different object in view. The electrical response can, owing to the 
compensation, be raised to any desired level at any frequency within reason, but the 
loudspeaker will not reproduce satisfactorily frequencies below its main resonance. 
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Accordingly the frequency of the main resonance is chosen to be as low as possible 
consistent with the type of receiver — and speaker — being used. For instance the 
resonance for a 12 inch speaker to operate in a large console model might possibly be 
as low as 55 to 60 c/s, for an 8 inch speaker in a table model receiver 65 to 70 c/s, 
and a 6 inch speaker in a small mantel model perhaps 110 c/s. 

The high frequency resonance is made as high as possible although for different 
reasons. When a receiver's high frequency response is increased, a distressing screech 
occurs if the response between 2500 and 3500 c/s is too high. Many loudspeakers 
have a peak of sound output in this range of frequencies and when this is the case only 
a very small amount of high frequency boosting can be used. However if the fre- 
quency of the peak can be increased to say 4500 c/s, preferably with a dip between 
2500 and 3500 c/s, more high frequency boosting up to say 5000 c/s can be used, and 
improved results obtained. 

(D) The correct application of negative feedback to a radio receiver can reduce the 
distortion, permit the boosting of appropriate frequencies and provide damping of 
the loudspeaker bass resonance, but it must be realised that the greater the number of 
features expected from the feedback, the more critical will be the design. For ex- 
ample bass boosting is usually required at about the same frequency as the loudspeaker 
main resonance, and unless care is exercised it will be found that when the required 
bass boosting has been obtained, the feedback may be positive, in the vicinity of the 
resonant frequency of the loudspeaker, so that the damping required for high quality 
reproduction will be reduced rather than increased. 

Negative feedback is used in the circuit of Fig. 35.3 to give distortion reduction, 
increased speaker damping, bass boosting, treble boosting with sharp cut-off, hum 
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as the volume control is advanced, and a tone control. The tone control gives treble 
boosting at one end, a comparatively flat response in the middle and a treble cut at 
the other end. 

It will be seen that feedback is taken from the voice coil of the loudspeaker to the 
volume control by two separate paths. The simpler path through the 50 ohm re- 
sistor i? 3 provides a large amount of feedback, independent of frequency within reason- 
able limits, to the bottom of the volume control. This serves to reduce hum and 
play-through with the volume control in its minimum position as explained in Sect 
3(iii) of this chapter. Resistors R 3 and R 2 are designed to provide the desired amount 
of feedback, which must be limited to avoid instability. 

The second feedback path is more complicated but can readily be explained in 
steps. With the variable tone control i? 5 set to the position of maximum treble boost 
(slider connected to ground), R 7 and C 2 form a voltage divider, and the higher the 
frequency the smaller the voltage that appears across C 2 . It is this voltage which is 
the main feedback voltage applied to the amplifier, and the decreasing negative feed- 
back as the frequency increases gives increasing output from the amplifier, thus pro- 
viding treble boost. 

The next component in the main feedback path is the resistor R 6 which isolates 
the treble and bass boosting sections of the network. In the absence of R e , C x and 
C 2 would give 0.033 juF to earth from the tap on the volume control. R 6 also serves 
a purpose in the operation of the tone control to be described below. 

The next part of the feedback network is another frequency discriminating voltage 
divider composed of C x and R t . The effect of this divider is the reverse of the pre- 
vious one in that the lower the frequency the smaller the voltage appearing across R ls 
owing to the increasing reactance of C 1} and as feedback is reduced at low frequencies 
so the overall gain of the amplifier is increased. In this way the bass boost is obtained. 
However as mentioned earlier there is a limit to the amount of bass boosting which 
can be used and to prevent the feedback from increasing indefinitely as the frequency 
is reduced the resistor R t is used. 

Excessive high frequency response is also undesirable and capacitor C 3 provides 
a sharp cut-off above the desired range. The reactance of C 3 is so high at mid- 
frequencies that it has no effect on the response, but as the frequency becomes higher 
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it provides a progressively lower impedance path between the source of the feedback 
voltage and the tap on the volume control. Above the useful range of frequencies 
it becomes the main feedback path. 

To prevent instability at very high frequencies where the fraction of the output 
voltage fed back to the input is very high owing to the small reactance of C 3 , the gain 
of the amplifier itself is made to decrease rapidly at frequencies above the desired 
a-f range. This is the purpose of the 33 /x/*F capacitor C 4 , and it has the added ad- 
vantage of giving a sharper overall cut-off than could be provided by C 3 alone. 

The resistor R t has been mentioned as one element of the bass boosting voltage 
divider, but its size is governed by another consideration, the adjusting of the volume 
at which maximum bass and treble boost are provided. The feedback current 
flowing into the tap on the volume control returns to ground by two main paths, the 
volume control and the resistors R 2 and R 3 in parallel providing one, and the volume 
control, the decoupling resistor R B and the diode-cathode path of V 2 being the other. 
Thus as the sb'der of the control is turned up from its minimum setting the amount 
of frequency-compensated feedback applied to the amplifier is increased until the 
slider reaches the tap and thereafter decreases. With the slider at the tap, the 
volume should therefore be the lowest normal listening level so that as the volume is 
increased, the amount of compensation is reduced. The normal type of tapped 
volume control has its tap at about 50 000 ohms for a 0.5 megohm control and this 
gives too much volume for maximum compensation, so the value of R t is chosen to 
reduce it to the required level. 

The operation of the tone control is comparatively straightforward. With the 
slider at the earthed end of the resistance element, R 7 and C 2 remove most of the 
high frequencies from the feedback path to provide a treble boost. However as the 
slider is turned away from the earthed end the resistance in the capacitive arm of the 
voltage divider is increased and its frequency discriminating properties are reduced. 
For example when the resistance between slider and ground is 5000 ohms the amount 
of feedback used varies only between 10/11 and 11/11 of the total amount as the 
frequency is increased from zero to infinity. Thus the treble boost is removed over 
the first part of the rotation. 

When the control is set to the other extreme, C 2 is in parallel with R e and the sizes 
of these components are adjusted so that their impedances are the same in the lower 
mid-frequency range. Under these conditions C 3 offers an increasingly lower im- 
pedance path for feedback currents as the frequency increases above say 400 c/s, and 
the larger amount of feedback results in a falling high frequency response for the am- 
plifier as a whole. 

It must be realised that while the foregoing explanation of the feedback circuit is 
correct as far as it goes, a complete picture of its operation cannot be obtained without 
a knowledge of the phase shifts introduced by the various coupling elements both in 
the feedback circuit and in the main amplifier circuit. Feedback which is 180° 
out of phase with the input at the mid-frequency is no longer negative when a phase 
shift of 90° has taken place. In Fig. 35.3 at low frequencies the coupling condensers 
to the grids of Vi and Vj., and the primary of the output transformer will each give a 
maximum phase shift of 90° while capacitors C 2 , C 13 the screen by-pass of V ly the 
cathode by-pass of V a and the decoupling by-pass in the B supply of V x will each give 
a phase shift with a maximum varying between perhaps 20° and 50°, so it is obvious 
that the phases of the feedback voltages become far more important than their magni- 
tudes. By far the most difficult part of the design of such a circuit is to maintain 
the feedback negative over the usable a-f range, rather than to obtain the desired 
frequency response. 

Because of the variation in frequency response with the phase of the feedback volt- 
age it is possible to obtain bass and treble boosting without frequency discriminating 
elements in the feedback path. Such a circuit would be the same as Fig. 35.3 with 
all feedback components removed except R 2 and JR 3 . In such a case circuit elements 
such as the grid coupling condensers, which would normally be as large as possible 
to avoid phase shifts in the working range, would be decreased in size to cause phase 



35.3 (ii) AUDIO-FREQUENCY RESPONSE 1239 

shifts and thus develop a bass boost. This is the reverse of what would be expected 
from such a change in an amplifier without feedback. Similarly a high frequency 
boost could be obtained by adding a by-pass in the plate circuit of V x or elsewhere. 
As the amount of negative feedback applied to an amplifier is increased, the peaks 
of response at low and high frequencies are removed further from the mid-frequency 
and become greater in amplitude, and with the fewer components available in the 
simplified circuit it usually becomes necessary to vary the amount of feedback to 
assist in obtaining the desired response. 

(iii) Hum 

The a-f gain in a radio receiver is seldom high enough to make hum elimination 
difficult except in so far as space or economy considerations make it so. Nevertheless 
economy is such an ever-present need in commercial design that the majority of 
receivers have hum reduced to a barely acceptable mi nim um. 

The amount of hum permissible at any stage in a receiver can be expressed as the 
maximum tolerable hum at the output of the receiver divided by the gain at the 
appropriate frequency between the output and the stage in question. Thus the 
filtering required by the plate of the output valve is less than that for any other part 
of the a-f system. Advantage can be taken of this effect in small receivers, in which 
the plate of the output valve can be fed directly from the capacitor across the rectifier 
output. Since the output valve plate draws a large proportion of the total B current 
in a small receiver, the filter used for the supply for the rest of the receiver can be de- 
creased considerably in size, and it may be possible to use a resistive filter instead of 
a choke without an excessive voltage drop. It should be noted however that since 
there is gain between the screen of a normrl tetrode or pentode and its piate the screen 
of the output valve in such a case will probably need to be supplied from the filtered 
source. 

Filtering becomes more important when the grid circuit of the output valve and the 
plate circuit of the a-f amplifier valve are considered. Designs using back-biasing 
for the output valve normally have the grid of the output valve decoupled for hum 
reduction, and similarly the plate supply to the first a-f amplifier is often decoupled. 
It is worth noting that the hum introduced from these two sources is out of phase, 
and whilst if one decoupling is used as a matter of course, or if the output valve is 
cathode biased, the other may become essential, yet the results obtained with both 
omitted are often satisfactory. 

Hum introduced between grid and cathode of the a-f amplifier is usually the most 
difficult to eliminate since the following amplification is high, and the circuit is usually 
a high impedance one which makes the effects of small capacitive couplings appreci- 
able. The impedance of course is variable, depending upon the volume control 
setting, and when tracing hum introduced into this stage it is best to turn the volume 
control to maximum. If noise from the r-f end of the receiver then drowns the hum, 
the last i-f valve can be removed. 

Hum can be introduced into a receiver before the second detector, although under 
these circumstances (assuming transformer coupling to the detection diode) it can only 
be troublesome if it modulates the signal. Modulation hum can usually be traced 
to two general sources, firstly amplitude or frequency modulation of the local oscillator 
in a superheterodyne receiver by hum from the power supply, and secondly amplitude 
modulation of the signal in a valve working on a non-linear part of its characteristic 
and with a hum voltage impressed on one electrode. 

Modulation hum due to the local oscillator is as a rule only met when the oscillator 
plate has a separate filter from the rectifier output to eliminate flutter — see Sect. 3(vi) v 
of this chapter. The filter is usually resistive and arranged to give the proper voltages 
so that an increase in the size of the filter capacitor is the cure. 

Modulation hum occurring because of a non-linear characteristic in a r-f or i-f 
valve is greatest at the point of maximum non-linearity and this as a rule is at some 
intermediate value of bias, so that the hum may increase up to some particular input 
and decrease thereafter. This can readily be checked on the a.v.c. characteristic, 
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plotted as described earlier in this section. A common reason for this type of hum 
is insufficient filtering for the screen of a r-f amplifier. If the a.v.c. line carries bias 
generated across a back bias resistor it is also possible for hum from this source to 
modulate incoming signals in any of the remote cut-off valves to which a.v.c. is applied. 

A third source of modulation hum is sometimes met in a.c./d.c. receivers. Owing 
to insufficient filtering in the mains leads or perhaps to insufficient shielding, the 
rectifier becomes a part of the circuit in which signal currents circulate. The signal 
in this path is modulated by the mains frequency since the rectifier is conductive for 
only half of each mains frequency cycle. A cure for this type of hum is to use a r-f 
by-pass across the rectifier, a typical capacitor being a 0.001 ^F mica type. 

A receiver with high a-f gain can give trouble with hum due to potentials developed 
between different soldering lugs on the chassis, and because of this it is usually best 
to return directly to the cathode of the a-f valve any leads coming from the ' earthy ' 
side of components in the grid circuit of the valve. In addition, the lead between 
cathode and ground must be separate from the lead earthing one side of the valve's 
heater. When building the pilot model of a receiver which is likely to give hum trouble 
it is best to take all possible precautions initially, trying any economy measures one 
by one after the model is in operation. The alternative of building first for maximum 
economy may lead to delay, since when several sources of hum are present cancellation 
usually occurs, and the removal of one source may lead to an increase in total hum. 

One aspect of hum which can be put to good use during design is that a hum level 
which is objectionable at very low listening levels may be satisfactory at higher levels 
when it is masked by the programme. A circuit which at very small cost reduces 
hum at the minimum volume setting of the volume control is shown in Fig. 35.5. 
The connection from the voice coil is in the direction to give negative feedback, and 
this feedback is a maximum with the volume control turned to zero, decreasing as 
the volume control is turned up, until at maximum volume the gain of the receiver 
is reduced only by one or two db. The feedback is also valuable in reducing play- 
through, and this aspect has a particular application in reflex receivers. 

There is a maximum value of feedback which can be used without instability, 
and in a high gain amplifier use of the full amount of feedback available from the voice 
coil may give trouble (see Chapter 7 Sect. 3). In addition, the feedback into the 
bottom of the diode load results in an apparent reduction of the a.c./d.c. impedance 
ratio. 



Fig. 35.5. Negative voltage feedback 
varied by volume control setting. 




The reason for this latter effect can readily be visualized from Fig. 35.5 as follows. 
Neglecting for the moment the negative feedback, the diode load is the 0.5 megohm 
resistor R, and an a-f voltage E a due to the modulation of an incoming carrier pro- 
duces in the diode load an a-f current I a of a magnitude given by /„ = EJR. 

Now when feedback is applied, an a-f voltage of magnitude — in a typical case — 
equal and opposite to E a with the audio volume control at maximum, is applied to 
the bottom of the diode load. The a-f voltage across the resistor R is now 2E a and 

I a ' = 2EJR 
where /„' — a-f current in diode load with feedback applied. 

Thus the a-f current flowing in the diode load has been doubled by the application 
of feedback for the same demodulated a-f signal E a . An alternative way of consider- 
ing this effect is that the a-f voltage E„ is generated across an impedance equal to R/2. 
This is the usual conception of the effect, and the explanation for the statement that 
the a.c./d.c. ratio is reduced by such a feedback application. 
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Of course as the volume control is turned down from its maximum setting the feed- 
back voltage applied to the bottom of the volume control is reduced and the a.c./d.c. 
ratio is improved, even although the amount of a-f gain reduction is increased. 

To overcome the trouble of possible instability and increased a.c. loading on the 
diode load when the full voice coil voltage is used for feedback, the circuit of Fig. 35.6A 
can be used. Resistors Rj and R 2 may be of equal size, say 25 ohms each, and the 
phase of the feedback is such that the feedback at the bottom of the diode load is still 
negative, so that the feedback into the top of the diode load is positive. The values 
of the resistors can readily be arranged so that the gain reduction with the volume 
control at maximum is zero, when the a.c./d.c. ratio is no worse than in the no-feed- 
back condition. 

It is quite possible of course to have positive feedback predominating, giving an 
a.c./d.c. ratio greater than unity, but the reduced detection distortion in this case 
may be more than offset by increased a-f distortion. 
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Fig. 35.6A. Combination of 
positive and negative voltage 
feedback. 



When tracing hum it is essential to be in a location quiet enough for the character 
of the hum to be recognisable, and a meter reading hum amplitude and an oscilloscope 
showing hum waveform can each be useful on occasions. 

The amount of hum which can be tolerated is very dependent on the frequency of 
the hum, and pure 50 c/s hum could be of much greater amplitude than say a 150 c/s 
hum for two reasons. Firstly, the sensitivity of the ear is greatly reduced at 50 c/s, 
and secondly the sensitivity of the reproducing equipment also decreases rapidly 
below the resonance of the loudspeaker. Nevertheless a receiver with a small speaker 
which cannot reproduce 100 c/s satisfactorily can suffer badly from 100 c/s modu- 
lation hum, which, although not audible in itself, modulates any other audio fre- 
quencies which are present and thus gives a very harsh, broken-up type of repro- 
duction. 

Since the effects of hum are to such a large extent subjective it is natural that final 
approval in a doubtful case must come from a listening test. It is essential that 
such a test be carried out in a home under the quietest conditions possible, as the 
masking effects of noise in a normal factory, or even laboratory, make an evaluation 
of the hum level very difficult. 

See also Chapter 31 for a general treatment of hum, Chapter 7 Sect. 2(ix) for hum 
with feedback, Chapter 12 Sect. 10(vi) for hum in voltage amplifiers, and Chapter 18 
Sect. 2(iii) for hum in pre-amplifiers 

(iv) Microphony 

Microphonic effects in electronic equipment are those in which mechanical move- 
ment produces undesired electrical output from the equipment. Many such effects 
are self-sustaining in that the microphonic noise produced reinforces the original 
mechanical movement and a continuous output builds up at the frequency of the 
mechanical vibration. 

There are two main sources of microphony in an A-M receiver, the local oscillator 
and its circuit, and valves. Since all tuned circuits and all valves are microphonic 
to some extent, the object of a designer when laying out a receiver must be to isolate 
from the output of the loudspeaker those components which are most likely to give 
trouble. 
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Tuning condensers probably give more microphonic trouble than any other com- 
ponent, although frequently this is due to the mounting method used or to the dial 
drum. Some receivers have the complete tuning unit (condenser, coils, wave-change 
switch and valves) mounted on a subchassis which is floated on rubber. This pre- 
caution, although comparatively expensive, is usually sufficient to remove any micro- 
phony, and even the cheaper solution of floating the gang condenser alone will usually 
give a substantial improvement. A drawback to the use of floating tuning units is 
that as a rule the dial and tuning knob must float too, or flexible couplings must be 
provided to them, in which case backlash between the tuning knob and the gang 
condenser or the dial usually becomes a problem. 

The type of gang condenser microphony which can be cured by floating the con- 
denser is usually due to movement of masses of metal such as the complete gang body, 
or the whole rotor shaft, and an alternative to floating the gang is to make it more 
rigid. The first step is to stiffen the body by soldering with large fillets of solder the 
junctions between the cross bracing strips and bars, and the end and dividing plates 
in the gang. For extreme cases it may be necessary to solder a plate to the back of 
the body of the oscillator section. An alternative is to mount the gang normally on 
its feet and then add an additional bracing from the top of the gang to some nearby 
solid mounting. Such a bracing may be better either rigid or rubber mounted, in 
the latter case acting more as a vibration damper. A gang condenser with its frame- 
work stressed by the mounting is more likely to be microphonic than one which is not 
stressed. Thus a suitably designed three point mounting may be an improvement on 
the conventional four point suspension, although in each case care must be taken to 
see that it is not possible for the condenser to rock. 

It does sometimes happen that a complete stator packet vibrates and causes micro- 
phony. In such cases it may be possible to reinforce the brackets supporting the 
stators sufficiently at least to remove the resonance to a frequency at which it will 
not be troublesome. 

Some microphonic effects are due to a large dial drum mounted on the gang spindle. 
Such a drum may be self resonant if made of metal or it may because of its weight 
induce flexing effects in the condenser shaft. In other eases its position may give 
trouble ; for instance the drum may be spaced only slighdy from the front panel of 
a mantel model receiver, with the loudspeaker mounted on the same panel. Very 
considerable acoustical coupling will then exist between the loudspeaker and the gang 
rotors. Should the drum itself be resonant it may be possible to alter the frequency 
sufficiently to avoid microphony by punching suitably placed holes in it. Spraying 
with flock or attaching a piece of felt may damp the resonance adequately. 

Another type of gang microphony is due to the vibration of the plates of the con- 
denser. This is more often due to sound waves impinging directly on the plates 
themselves and acoustical shielding between speaker and gang condenser should be 
tried as a cure. 

Should a valve be causing microphony it can be mounted on a floating socket and 
shielded as far as possible from the noise from the loudspeaker. Sometimes a rubber 
sleeve around the glass envelope may effect a cure. 

With battery valves, microphony can be affected by circuit design. If the plate 
current of a remote cut-off valve has been reduced almost to cut-off by a.v.c. action, 
movement of the filament under the influence of noise from the loudspeaker may cause 
some sections of the valve which have been completely cut off to conduct again. 
The resulting change in plate current creates noise in the loudspeaker which main- 
tains the vibration of the filament and the microphony is sustained. An alteration 
to the circuit which will result in smaller a.v.c. potentials being applied to the valve 
in question should be tried. 

Microphony is also encountered between pickups and loudspeakers, although more 
recent types of combined gramophone motors, turntables and pickups use very 
flexible mountings which almost completely remove such troubles. 

If the remedies suggested above fail to cure a particular case of microphony there 
are other methods of attack. The simplest is to mount the loudspeaker on rubber 
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or felt with no solid connection between loudspeaker and cabinet. Even if this 
should result in a gap of up to one quarter of an inch between the edge of the loud- 
speaker frame and the baffle, little change of a-f response need be expected. Such a 
mounting is, of course, mainly effective in keeping low frequency vibration from the 
cabinet, and is most likely to cure low frequency microphony. 

An alternative method of achieving the same result is to mount the loudspeaker 
solidly to its baffle, and float loudspeaker and baffle from the cabinet on suitable rubber 
grommets. 

Similar results can be obtained electrically by reducing the bass response of a 
receiver. If the response is already satisfactory this is undesirable, but it may be 
found possible to attenuate severely frequencies below say 70 c/s without appreciably 
affecting the tone, and this could produce the required effect. Alternatively, since 
anicrophony is usually much worse on short waves, a bass cut can be switched in with 
the wave change switch as the receiver is turned to short waves. This possible cure 
can actually improve short wave reception since fading and noise can be less objection- 
able with a restricted bass response. 

Since some types of microphony are due to a change in receiver output as the os- 
cillator frequency is varied, it follows that the greater the selectivity of a receiver, the 
more prone it will be to this type of microphony. Receivers with a sharp peak to the 
selectivity curve are particularly susceptible and this is frequently caused by re- 
generation in the i-f channel which may be reduced by improved layout or by neu- 
tralization—see Chapter 26 Sect. 8(ii). 

(v) Instability 

This sub-section is confined to instability problems commonly met in A-M re- 
ceivers. For general information on the subject see Ref. 22. 

Probably the most common trouble with new models when wired up for the first 
time is instability, although the reason can usually be found with little trouble by by- 
passing possible " hot " points with a large capacitor, say 0.5 fiF, or by placing an 
earthed piece of metal between stages across which feedback is likely to occur. 

More annoying instability problems are those which do not show up in pilot models 
but which affect production receivers, a typical instance being instability which occcurs 
only at the low frequency end of the broadcast band. The regeneration is due to 
some of the i-f output being returned to the aerial coil and thus back to the i-f input 
again. The effect usually becomes evident only towards the low frequency end of 
the broadcast band where the aerial coil secondary tuning is approaching the inter- 
mediate frequency, and in addition the high impedance aerial primary must be 
resonating at or near the intermediate frequency. 

The i-f output is often radiated directly from the second detector valve or from the 
last i-f transformer, in which case shielding may be needed, or at other times from 
the loudspeaker leads or frame. Earthing the frame will cure the latter trouble and 
a r-f bypass in the audio circuit the former. 

Since the instability is due to intermediate frequency fed back to the aerial primary, 
a reduction in impedance of the primary reduces the feedback. A resistor, say 
10 000 ohms, across the primary may be sufficient damping, but usually gives a greater 
loss in gain, selectivity and signal-to-noise ratio than a condenser tuning the primary 
to a lower frequency than the intermediate frequency. When the latter method is 
used, additional capacitance due to the aerial can only tune the primary further from 
the intermediate frequency, but otherwise some critical aerial length may resonate 
the primary at the intermediate frequency and lead to instability. 

Battery receivers are particularly prone to trouble in this respect when operated 
without an earth, as the aerial capacitance is in series with the capacitance between 
receiver and ground, so that even a large aerial does not tune the primary much lower 
in frequency. 

A very similar trouble is instability when the receiver is tuned to the second harmonic 
of the intermediate frequency. In this case the second harmonic is radiated from the 
second detector circuit — where it has a high amplitude — picked up by the input 
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circuit and returned to its source. Care in confining the i-f harmonics to appro- 
priate sections of the chassis is sufficient to cure this fault. Sometimes actual in- 
stability will not be encountered, but the a-f output of the receiver will decrease as the 
volume control is turned up over the last few degrees. This is due to rectification 
by an a-f valve of i-f voltages on its grid, thus increasing the bias on the valve and 
decreasing its gain. By-passing, or if possible improved layout, will cure this trouble, 
and it is worth checking with a good oscillograph each new model developed, to see 
that a-f valves are not handling i-f voltages of the same order of magnitude as the 
a-f voltages. 

A more difficult problem is presented by multistage battery receivers in which 
coupling occurs in the filament leads. Since some couplings may be regenerative 
and some degenerative it becomes difficult to determine the true gain. However by 
filament by-passing and by wiring the valves in a suitable order regeneration can be 
removed, and if the gain can be spared it is well worth while to introduce degeneration. 
Under these conditions variations in sensitivity with decreasing battery voltage are 
minimized. 

Battery sets in particular are prone to a type of instability which shows up as a squeal 
when a strong signal is tuned in rapidly. This is due to interaction between i-f and 
a-f circuits, and in battery receivers adequate a-f by-passing of the B supply will 
prevent the trouble from developing when the internal impedance of the battery rises 
with use. If back biasing is used the resistor may need by-passing for audio fre- 
quencies. Filtering of i-f voltages from the a-f end of the receiver is in some cases 
the only cure necessary for other troubles of this type. 

Electrolytic condensers are not always satisfactory r-f by-passes and where more 
than one i-f stage is returned directly to the B supply an additional paper by-pass is 
advisable. When two or more circuits have a common by-pass they should be re- 
turned to it individually to avoid common impedances. 

A tendency to instability at the high frequency end of the short wave band of a 
receiver is often due- to excessive coupling between the signal grid and the oscillator 
circuit of a receiver and can be cured by coupling from the opposite phase of the 
oscillator. If a r-f stage is used the trouble may be due to resonance or near resonance 
in the r-f coil primary and a suitable cure is a small carbon resistor, say 25 ohms, be- 
tween r-f plate and r-f coil primary. 

An indication of the stability of an i-f channel can be obtained from its selectivity 
curve. While complete symmetry is rarely obtained with the mixture of capacitive 
and inductive coupling encountered in most receivers, a marked degree of asymmetry 
at small attenuations can usually be traced to regeneration and it may be difficult 
to remove the last traces. Apart from coupling due to leads or capacitances inside 
or outside the amplifying valves — not forgetting capacitances above the chassis where 
they are apt to be overlooked — magnetic coupling can occur between two transformers 
either in air, or in the metal of the chassis, the latter trouble being more prevalent 
with the small spacing occurring with miniature valves. 

The two leads from the signal generator should be twisted together when i-f selec- 
tivity measurements are made, to keep the loop formed by them as small as possible 
and so avoid coupling between the first and later stages of the i-f amplifier. 

See also Chapter 23 Sect. 7 for instability in r-f amplifiers and Chapter 26 Sect. 8 
for instability in i-f amplifiers. 

(vi) The local oscillator 

(A) Recommended values of oscillator grid current are specified for all con- 
verter types, and it might be thought that if these values were obtained and the os- 
cillator tuned over the required range, no further design work would be required 
for the oscillator. However the local oscillator circuit can be responsible in a receiver 
for flutter, squegging, poor sensitivity with high noise level, unstable short wave tuning, 
apparently short battery life in battery receivers and other more obscure faults. 

(B) The term " flutter " covers two different effects, the sound emitted from the 
loudspeaker being the same in each case. As a strong signal is being tuned in, the 
voltages in a receiver are varied by the application of a.v.c. to the controlled stages 
and by the changing plate current of the output valve. If the changes in voltage reach 
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the oscillator valve the oscillator frequency is altered, and a case could be visualized 
in which the tuning-in of a station generated voltages sufficient to detune the re- 
ceiver. The additional voltages would then disappear and the receiver would retune 
the signal, only to be detuned again. This is actually what happens when a receiver 
flutters, although the station may not be completely tuned and detuned on each cycle. 
The time taken for a cycle is dependent on the time constants of the circuits involved, 
but it is usually low enough for each cycle to be heard separately. 

The voltage applied to the oscillator may come from the B supply or from the a.v.c 
In each case a receiver is more prone to die trouble when operating on short waves, 
since a given percentage of detuning is a larger number of cycles per second than on 
the medium waveband. If the fault originates in the B supply the effect is that as a 
carrier is being tuned-in the a-f signal causes a large variation in the current drawn 
from the B supply by the output valve. This variation in current sets up a voltage 
across the series impedance of the power supply and this voltage is applied to the 
oscillator plate and detunes the oscillator from the signal. 

The time constants concerned are those of the a-f amplifier and of the power supply, 
and since the a-f amplifier must amplify the flutter frequency, which is very low, a 
cure is to decrease the bass response of the a-f amplifier. If this leads to excessive 
bass cutting — although as in the case of microphony it may be necessary only on the 
short wave band— the alternative of increasing the time constant of the power supply 
can be tried. This is not so desirable since a larger electrolytic condenser is required 
at additional expense. 
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Fig. 35.6B. Reduction of "flutter' 
by negative feedback. 



Phi. 35. 6 B 



A cure which has been used successfully is shown in Fig. 35.6B. The condenser 
C 2 is connected between B+ and the power valve grid circuit and applies negative 
feedback to any a.c. potentials (due to flutter or hum) appearing across the B+ filter 
condenser. The usual decoupling condenser C t is also necessary unless the hum level 
on the B supply is very low (complete cancellation of hum across the B supply is not 
the same as cancellation of hum across the output transformer primary) and values of 
0.1 /xF for C x and 0.05 fiF for C 2 have been used to give appreciable reduction in 
flutter while leaving the hum level almost unchanged. 

To remove the cause of the flutter, rather than curing the symptoms of the trouble, 
it is necessary to reduce the impedance common to the oscillator and the output valve. 
A large part of this impedance is the filter in the B supply, and by supplying the os- 
cillator plate directly from the output of the rectifier a big improvement can be effected. 
A separate filter to remove the hum from the oscillator plate supply will be needed 
and typical values are a 20 000- ohm resistor from the rectifier cathode and an 8 pF 
electrolytic condenser. The normal oscillator plate resistor, perhaps 30 000 ohms, 
is connected from the junction of these components to the oscillator plate. A careful 
check for modulation hum— see Chapter 37 Sect. l(vi)H— should be made if this 
circuit is used. 

Flutter due to a.v.c. application to converters is confined to short wave bands, and 
is due to coupling within the valve between the control grid and the oscillator section. 
Reference should be made to Chapter 25 Sect. 2 for an explanation of this effect. 
The simplest cure is to use fixed bias on the converter on the short wave band, and 
thi s is not unduly detrimental to receiver performance since the maximum signal 
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input to be expected on short waves is less than on the broadcast band. The a.v.c. 
curve will not be so flat with one less stage controlled, but this may be an advantage 
because it is not desirable to hold receiver output too flat when selective fading is 
experienced as this unduly emphasizes the accompanying distortion. Even when 
the a.v.c. applied to the converter does not cause flutter, it may make the tuning of 
strong signals at the high frequency end of the short wave band very difficult, the 
effect being that no matter how carefully the tuning knob is handled, the receiver 
tunes just past the station. In addition, the fading of a signal may cause it to be 
detuned. 

(C) Squegging of the local oscillator in a receiver is usually confined to the short 
wave range, but cases have been encountered on the broadcast band when unusual 
coupling circuits have been used. Squegging is due to high oscillator amplitude 
in conjunction with a large time constant in the oscillator grid circuit. Oscillation 
at the desired frequency becomes interrupted at another frequency which is depen- 
dent on the time constants in the oscillator circuit. The interruption frequency may 
be audible or supersonic and depends upon the rate at which the oscillation amplitude 
at the desired frequency builds up sufficiently to bias the valve to cut-off, and the 
time required for the charge on the grid condenser to leak away sufficiently for os- 
cillation to start again. 

The possible results of a squegging local oscillator are a very high noise level (with 
or without multiple tuning points and with or without a heterodyne at each point) 
when the squegging frequency is supersonic, or a continual squeal when the squegging 
frequency is in the audible range. Such a squeal should not be confused with another 
which sounds almost identical and which is due to signal grid and oscillator grid 
circuits being tuned to approximately the same frequency on the short wave band. 
This second type can be stopped by detuning the signal frequency circuit, but a squeal 
due to squegging can not. 

A third squeal which sometimes occurs at the high frequency end of the broadcast 
or short-wave band sounds similar but needs a small resistor (say 25 ohms carbon) 
in series with the control grid of a converter, as close to the grid as possible, for a cure. 

The simplest remedy for squegging is to reduce the oscillator grid capacitor and 
resistor to the lowest values that can be used without reducing unduly the oscillator 
grid current at the lowest tuning frequency. This may not be sufficient if the same 
components are used on both the broadcast band and the short wave band (100 nnF 
and 25 000 ohms are about the smallest combination possible if these components are 
not to affect the oscillator amplitude excessively at frequencies below 600 Kc/s) and 
a simple alternative is to switch the grid coupling condenser together with the coil 
as the wave range is changed. 

A third possibility is to connect a small carbon resistor in series with the oscillator 
grid capacitor or oscillator plate lead. This resistor reduces the amplitude of oscilla- 
tion at and near the high frequency end of the band, where it is a maximum, without 
noticeably affecting the low frequency end, and thus removes the tendency to squeg. 

The varying effect of the resistor can readily be visualized when it is realised that 
at the high frequency end of the band the total tuning capacitance may be 30 fiftF 
and the resistor is in series with the oscillator input which amounts to about 10 fifiF, 
or one third of the total. At the low frequency end of the range the 10 /x/uF with the 
resistor in series amounts to only about one fiftieth of the total capacitance. 

(D) To produce the required oscillator grid current at a specified frequency is 
usually simple, but to obtain the same grid current over a range of frequencies which 
is usually greater than three to one can be quite difficult. Fortunately considerable 
variation in grid current is possible with little change in conversion characteristics 
and full use is made of this in. design. 

Battery receivers usually present the most difficult local oscillator problems be- 
cause of the lower initial slope in the oscillator section of the converter and because 
of the necessity for the oscillator to operate with A and B batteries reduced to (pre- 
ferably) 2/3 of their initial voltage. For this reason battery converter problems 
are considered here. 
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The first trouble to be experienced is usually insufficient grid current at the low 
frequency end of the short wave band — assuming that preliminary design is such as 
to allow the required band to be covered. Figure 35.7 shows a simple circuit (" padder 
feedback ") for increasing this grid current without loss of frequency coverage, the 
only variation from a conventional circuit being that the cold end of the primary coil 
is connected to the cold end of the secondary. If this circuit is already in use, at- 
tention must be given to coil design as discussed in Chapter 11 Sect. 5. 



vVW^"*-B+ 




Fig. 35.7. Oscillator circuit with padder 
feedback. 



With valves which do not oscillate readily at high frequencies, it sometimes happens 
that a frequency range which is impossible when mixing with the oscillator funda- 
mental can be covered with the second harmonic of the oscillator used for mixing. 
This method of operation also has the advantage of practically eliminating pulling 
and, in spite of decreased gain at the low frequency end of the short wave band and 
additional spurious responses arising from unwanted signals beating with the oscillator 
fundamental, it is often worth trying. 

It is important to remember that it is the voltage across a grid resistor which is the 
essential requirement. The oscillator grid current published by valve manufacturers 
is used because it is easier to measure, but it only applies to the published value of 
grid resistance. If a different value of grid resistance is used, the grid current should 
be inversely proportional to the ratio of the resistances . For example, if the published 
grid current is 0.4 mA in 50 000 ohms, then the equivalent value would be 0.8 mA 
in a 25 000 ohm resistor. 

A choice of series feeding or shunt feeding the oscillator plate is often available 
(see Figs. 24.2B and C for series and shunt feeding of a tuned plate oscillator). An 
increase in grid current, dependent in size on the value of the resistor used, can be 
obtained by using series feed as this removes the damping of the resistor from the 
plate coil. 

With series fed oscillator circuits, an increase in coverage can be obtained by con- 
necting the by-pass capacitor in the oscillator plate supply directly to the cold end of 
the oscillator primary coil, rather than to some other place in the circuit. All oscillator 
wiring must be kept as short as possible and removed as far as possible from other 
components and from the chassis if maximum frequency coverage is to be obtained. 
As the oscillator grid capacitor is in series with the capacitance of the oscillator valve 
it should be kept as small as possible, and if the capacitor is switched with the oscillator 
coil, a substantial improvement in frequency coverage can be obtained by the use of 
the smallest possible value. At the same time the effect of the change in oscillator 
input capacitance as the valve warms up is reduced, thereby increasing the frequency 
stability. 

It is unfortunate that in battery receivers, in which frequency coverage with sufficient 
grid current is difficult to obtain, it is also necessary for the oscillator to provide suffici- 
ent output for reasonable conversion conductance when the battery voltage is con- 
siderably reduced. As a routine test during oscillator coil design for battery receivers, 
the sensitivity should be checked from time to time with A and B battery voltages 
simultaneously reduced to two thirds of their initial values, with a converter valve 
having an oscillator slope as low as is likely to be encountered in production, and 
under these conditions the oscillator should not only start readily each time the re- 
ceiver is switched on, but it should also provide enough grid current to give reasonable 
conversion conductance. 
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It should be remembered when laying out any receiver that the characteristics 
of the valves can be seriously affected by the presence of a magnetic field. All 
valves are likely to fall off in performance if placed too close to a loudspeaker, and 
oscillator grid cunent can be seriously reduced in this way. 

(E) In a.c. receivers it is a simple matter to obtain sufficient oscillator grid current 
but excessive values should be avoided. On the broadcast band, where so many 
signals can be tunedj self generated spurious responses must be reduced to a minimum 
and it is helpful to reduce the oscillator amplitude as far as possible. This 
should be done experimentally as it is found that the reduction can be carried, without 
undue loss of sensitivity, further than would be expected from a study of published 
curves of conversion conductance versus oscillator voltage. Signal-to-noise ratio 
should also be measured when the grid current is reduced as it may even improve 
with moderately low values of oscillator voltage. 

An additional advantage of using the lowest possible oscillator grid current is that 
radiation from the local oscillator is reduced. 

(F) With most converters it is found that the shortwave sensitivity is 
affected when the oscillator frequency is changed from one side of the signal 
frequency to the other. The reasons for this are set out in Chapter 25 Sect. 2(ii), 
but it is not always realised that a useful gain in short-wave sensitivity can be ob- 
tained with certain types of converters by determining the better method of 
operation and using it, even if this necessitates an oscillator frequency lower than the 
signal frequency. Under these conditions the signal frequency circuit (or circuits) 
is padded and the oscillator circuit is not, but no other changes are necessary, and an 
increase in sensitivity of two or three times at the high frequency end of the short 
wave band is sometimes obtainable. In addition image responses are reduced pro- 
portionately, 

A disadvantage of operating the oscillator on the low frequency side of the signal 
is that a given ratio of signal frequencies becomes more difficult to cover. 

Under all conditions it is advisable to make sure that the converter is not in need of 
neutralizing on short waves. Neutralization of oscillator voltages in the signal fre- 
quency circuit need not require additional components, as an undesired voltage from 
the oscillator grid circuit can often be offset by a wiring change which increases the 
capacitance between the oscillator plate and the control grid and vice versa, the wiring 
to and the capacitances of the wave change switch being very useful for this purpose. 
Plate tuned oscillators develop high oscillator voltages in the plate circuit and need 
particular care in layout even on the broadcast band. 

(vii) Cabinet design 

(A) The subject of cabinet design for direct radiator loudspeakers is covered in 
Chapter 20 Sect. 3. Open-back cabinets have many shortcomings — see Chapter 20 
Sect. 3(ii). Completely enclosed cabinets, even with an enclosed volume as small as 
2 cubic feet, are capable of giving very much improved low frequency response — 
see Chapter 20 Sect. 3(iii). Vented baffles give about 3 db additional response over 
a limited frequency range equivalent to bass boosting — see Chapter 20 Sect. %iv) 

The cloth used for loudspeaker grilles should be very light and of suitable texture- 
see Chapter 20 Sect, l(viii). 

Some form of diffuser is highly desirable to increase the angle of radiation at the 
higher frequencies — see Chapter 20 Sect. 2(vii). One simple form of diffuser is cone 
shaped and mounted directly in front of the loudspeaker. 

Sharp angles (e.g. 90°) on the exterior front of the cabinet should be avoided be- 
cause of deleterious diffraction effects— see Chapter 20 Sect. 3(vii). 

In console and radiogram cabinets improved reproduction can be obtained if the 
speaker can be directed upwards, particularly if the controls are on the top of the 
receiver. The high frequencies produced by a loudspeaker are propagated in a 
beam, and where the speaker is mounted close to the floor the high frequencies do 
not reach ear level unless the loudspeaker is directed upwards. 

When two loudspeakers are used, both reproducing high frequencies, a desirable 
effect can be obtained by directing the speakers outwards at an angle of about 30° 
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with respect to each other and upwards if necessary. In this way the high frequency 
response is spread over a much greater angle. 

(B) A small amount of time spent on the ventilation of a receiver in a cabinet to 
which a back is fitted can often materially reduce the operating temperature of the 
components. Provision must be made for cold air to enter near the bottom of the 
cabinet and to leave it at the top. The components which affect the frequency of 
the local oscillator should have a supply of air from outside the receiver passing over 
them before it passes over any other heat sources. Ventilation should also be pro- 
vided to permit a copious flow of air to pass over the output and rectifier valves and 
power transformer. 

An efficient ventilation system is essential in the case of small a.c./d.c. receivers. 
For the power — of the order of 60 watts in a typical case — to be dissipated by radiation 
alone, the cabinet and the components inside it would rise to excessive temperatures, 
so that the greatest possible amount of heat should be carried aWay by convection. 

This involves a maximum volume of air passing through the receiver at as high a 
speed as possible, so that restrictions on the flow must be minimized and the air paths 
provided should be as direct as possible. At the same time all heat sources within 
the receiver must be included in the ventilation system. 

In the case of wooden cabinets it is essential that some means be employed for 
preventing hot spots from forming on the timber. Ventilation is the best method 
where it is possible, but in extreme cases it may be necessary to use asbestos sheeting 
to protect the wood. Failure to avoid hot spots will sooner or later result in the finish 
of the cabinet being marred where the heat is excessive, although the seriousness 
of the blemish will depend on the quality of the veneering and on the type of finish. 

When investigating ventilation, it is helpful to allow cigarette smoke to be drawn 
into the back of the receiver, and to watch its course through, and exit from, the 
receiver, which should be at operating temperature. 

See also Chapter 3 page 81. 

(viii) Ratings 

Standard laboratory tests in most cases cover the requirement that all components 
be operated within their ratings. There are some cases however where circumstances 
arise under which components may be over-run, although the operating conditions 
under test may be quite satisfactory. A typical case is that of an i-f valve screen 
by-pass condenser on which the no-signal operating voltage may be 80 volts, rising 
to perhaps 180 volts when a strong signal is tuned in, and to 380 volts for some 15 
or 20 seconds every time the receiver is switched on. The last effect would be due 
to the use of a directly heated rectifier with a complement of indirectly heated valves 
and of course a condenser with a working voltage of at least 400 must be used. 

Whilst such a case would rarely be overlooked, it should be remembered that even 
with an indirectly heated rectifier, the same high voltages may be experienced for 
a shorter time, and electrolytic and other condenser working voltages should be 
specified accordingly. 

Other points which have given trouble are 

(A) The screen dissipation of an output valve should always be checked With 
a large signal input to, and a large a-f output from, the receiver. A large signal input 
biases the controlled valves, thus causing the B supply voltage to rise and the bias to 
decrease if back bias is used, whilst the large a-f output increases the screen dissipation. 

The output valve plate dissipation maximum will occur with a large r-f signal 
and no output, since any output is subtracted from the plate dissipation. 

(B) If a transformer is to be operated on frequencies of 60 c/s and 50 c/s, or 50 
c/s and 40 c/s as is the case with transformers in some Australian receivers, the heat 
run should always be carried out at the lowest rated frequency. The flux density 
on 40 c/s is 25% higher than on 50 c/s, which will seriously affect the temperature 
rise. 

(C) The dissipation of the resistors forming screen circuit voltage dividers 
changes with applied signal, and the resistor from B supply to screen should be checked 
under no signal conditions, and the resistor from screen to ground at maximum signal 
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input. These dissipations should also be checked when the value of each resistor 

is on the upper or lower tolerance limit, whichever will give the greater dissipation. 

(D) When 1.4 volt valves are operated in series across a 6 volt wet battery, 

a large capacitance (500 juF) electrolytic capacitor is often used to by-pass some of the 
valves. It frequently happens that every time the receiver is turned on, this capacitor 
is charged through one or more of the filaments in the string. The resulting flash 
can readily be seen and can seriously reduce the life of the valve, although the filament 
voltage may be correct when tested. 

Special cases of one sort or another occur in most receivers and emphasize the 
need to investigate the worst conditions in every case. 

(ix) Field testing 

Receiver design is, more than anything else, a matter of compromise between various 
sets of conflicting requirements. The success with which these compromises have 
been made can only be judged by operation of the receiver over a period of time under 
normal operating conditions in the field. 

Perhaps the most contentious part of a design centres around the frequency response, 
and final approval can only be given after prolonged listening, so that the widest 
possible variety of programme material and listening conditions is included. In a 
receiver in which distortion is kept to a minimum an extension of the a-f response 
progressively improves such items as a live-artist programme, but also makes pro- 
gressively more annoying any poor quality recordings. Whether the best fidelity 
position of the tone control is one which can be consistently used or not is a question 
which must be decided over a period of time in a home. It may happen too that an 
extended a-f response sounds pleasant for one item but, probably because of distortion, 
becomes irritating if left playing for some hours, even on items of good fidelity. A 
careful check for listener irritation or fatigue after long periods of listening should 
be made. 

Hum may change its apparent volume or character under quiet conditions, and a 
different level of background noise can also affect the volume control setting at which 
maximum frequency compensation is needed. 

Controls should of course all operate smoothly and it frequently happens that 
noisy dial drives are heard for the first time in a home, or it may be that non-technical 
users find a receiver difficult to tune on short waves owing to insufficient drive re- 
duction ratio between tuning and gang spindles. 

The number of small points which may be discovered under field testing con- 
ditions could be extended indefinitely, but the main point is that no design is com- 
plete until it has been used critically and for a period of time in a home and has been 
found satisfactory. 



SECTION 4 : FREQUENCY RANGES 

(»') Medium frequency receivers («) Dual wave receivers (iii) Multiband receivers 
(iv) Bandspread receivers. 

(i) Medium frequency receivers 

A large percentage of commercial A-M receivers have two wave ranges, medium 
frequency (say 540 to 1600 Kc/s) and short wave (say 5.9 to 18.4 Mc/s). The short 
wave band is largely ignored in actual use and in most cases a more useful receiver 
could be made to sell more cheaply if the short wave range were omitted. 

The obvious advantage would be that the cost of the extra components (wave change 
switch, two coils, s.w. padder and knob, as a minimum) could be used to provide, for 
instance, improved fidelity which would be available to the user at all times. 

Another factor is that, particularly in cheaper receivers, the inclusion of a short- 
wave band restricts the design, to the detriment of the broadcast band performance. 
For example, microphonic trouble is far more prevalent on the short wave band and the 
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bass response of a dual wave receiver is frequently reduced for the sole purpose of 
avoiding short wave microphony ; a.v.c. application to the various stages may be a 
compromise between the broadcast band and short-wave band requirements, and in 
order to save money on switching, the final circuit may lead to increased overloading 
or reduced signal-to-noise ratio on the broadcast band ; to reduce costs it is also 
customary to operate the s.w. and broadcast aerial primary coils in series, thus avoid- 
ing switching, but somewhat reducing the broadcast aerial coil performance ; if switch- 
ing is used, the capacitance between the leads to the switch may on the other hand 
reduce the broadcast band image ratio. 

When a receiver is designed only for the broadcast band it is possible to use less 
i-f amplification owing to the increased aerial coil gain on medium frequencies (average 
perhaps 8 times) as against that on the short wave band (average not greater than 2 
times). This may result in a more pleasant tuning characteristic as a single i-f stage 
giving maximum gain usually verges on regeneration. 

In an extreme case, say in a 3 valve plus rectifier receiver, the inclusion of a short 
wave band may even make the difference between a reflex and a straight receiver to 
obtain the required i-f sensitivity for the short wave band. This introduces the 
problems of a remote cut-off valve used as an a-f amplifier, rectification in the i-f 
amplifier, and high play-through as discussed in Chapter 28 Sect. 2(i), for the sake 
of increased amplification which is cancelled by turning down the volume control. 

(ii) Dual wave receivers 

In Australia many country areas are outside the daylight service range of medium 
frequency broadcasting stations and dual wave receivers are used in such districts 
to receive daylight programmes from short wave stations provided especially for this 
purpose. 

The international allocations for the world wide broadcasting bands are given in 
Chapter 38 Sect. 4(ii), and it will be noticed that a tuning range of 4.2 : 1 would be 
needed to provide coverage for all short-wave bands on one wave range. Such a 
tuning range is impossible with standard components and the usual compromise 
is to omit the two highest frequency bands and to design receivers which tune from 
about 5.9 to 18.4 Mc/s. The 13 and 11 metre bands give very variable performance, 
depending upon ionospheric conditions, and although they can provide some of the 
best short wave entertainment — owing to the absence of static — when conditions are 
good they are so often unusable that their omission from a dual-wave receiver is not 
counted a serious disadvantage. 

The signal strengths obtainable from international short wave broadcasting stations 
are of course less than those from a local medium wave station, and more sensitivity 
is consequently required from the receiver. A minimum sensitivity for 50 mW out- 
put for international short-wave listening might be taken as 25 //.V from 18 to 10 Mc/s, 
falling off to 50 /aV at 6 Mc/s where static drowns the weaker stations. Local con- 
ditions and the aerial used will of course considerably affect the required sensitivity. 

Selective fading, i.e. fading accompanied by distortion of the signal, is far more 
prevalent on short waves than on medium frequencies, and has an effect on the pre- 
ferred type of a.v.c. curve. A curve which is too flat results in the signal being held 
at the same output level throughout each individual fading cycle, so that the un- 
pleasant effect of the distortion is greatiy emphasized. Even in the absence of dis- 
tortion a flat curve in a sensitive receiver results in the " troughs " of each fading 
cycle being filled in with noise (receiver or external) which is much less desirable than 
the silent space in the programme resulting from an a.v.c. curve sloping steeply at 
low inputs. 

To provide the required difference between the broadcast and short wave a.v.c. 
curves it is often desirable to use a.v.c. on the converter on the broadcast band and 
not on the higher frequencies. This has the added advantage of improving the os- 
cillator stability on the short wave band. 

The frequency of each fading cycle varies from some seconds for each cycle to many 
cycles a second on the high frequency bands, and in a good receiver a special tone 
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control position is sometimes fitted to improve short wave intelligibility. Such a 
control limits the treble response of the a-f section and also reduces considerably 
the bass response, which removes the " fluttering " effect of rapid fading cycles and 
some of the more objectionable features of bursts of static and ignition interference 
from passing cars. 

Microphony is an ever-present problem in the design of dual wave receivers, and 
Sect. 3(iv) of this chapter is devoted to the subject. 

A problem peculiar to receivers with more than one wave band is the resonance of 
unused coils within an operating wave range. It is usually a low frequency coil which, 
resonated by its own distributed capacitance, interferes with a higher frequency band, 
and when broadcast and short wave coils are wound on the same former the effect 
is aggravated. Even in the absence of inductive coupling however, wave change 
switch wiring often provides enough coupling to give trouble. 

A resonance affecting the oscillator coil is easily detected by measuring oscillator 
grid current. A sharp dip in the grid current (whether to zero or not) is an indication 
of an unwanted resonance. With an aerial or r-f coil more care is necessary as the 
resonance will be indicated only by a reduction in sensitivity over a very narrow band. 
To check for such an effect the receiver must be tuned in step with the signal generator 
over the whole tuning range using very small increments of frequency. 

Whether the resonance is affecting the oscillator, r-f or aerial coil it can be traced 
by leaving the receiver tuned to the dip (in grid current or sensitivity) and touching 
with a conductor the " hot " terminals of the disconnected coils. When the resonating 
coil is touched the grid current (or sensitivity) will return to normal. 

The normal cure for such resonances is to use a wave change switch which earths, 
when necessary, any low frequency coils as the receiver is switched to a higher fre- 
quency band. 

One type of resonance which is not cured by earthing occurs when a broadcast band 
coil is wound with two or more pies. Each pie can be self resonant in some other 
frequency range and as one end, at most, of each pie is available, short circuiting is 
not possible. It may be possible with a certain value of capacitance to tune such a 
resonance to some harmless frequency, or it may be necessary to redistribute the turns 
on the pies, or to remove the coupling between the self resonant coil and the coil in use. 

Since the broadcast range of a typical receiver covers 1100 Kc/s and the short 
wave range 12.5 Mc/s, a movement of the tuning knob sufficient to tune the receiver 
through 10 Kc/s on the broadcast band will tune more than 100 Kc/s on the short 
wave band. The difference between the two tuning rates is so great that it is difficult 
to provide a tuning ratio sufficiently large for the short wave band which does not 
make the tuning of broadcast stations undesirably slow. One solution is the use of a 
large ratio and a weighted " flywheel " tuning spindle which will spin when flicked, 
allowing rapid broadcast tuning. 

The requirement for satisfactory tuning seems to be a certain linear movement of 
the outside of the tuning control for a given frequency change rather than a particular 
ratio of rotation between tuning spindle and gang spindle. Thus a possible broad- 
case drive is a very large knob (at least three inches in diameter) mounted directly 
on to the gang spindle, although this gives quite critical tuning. 

For normal knobs of perhaps one inch diameter a twelve to one ratio between tuning 
and gang spindles is sufficient for the broadcast band but the short wave ratio should 
be at least eighteen to one for non-technical users of the receiver. 

Probably the best mechanical solution is to use a dual ratio tuning control either 
with concentric knobs or with one knob and the slow speed tuning available for only 
one revolution of the tuning knob. 

(iii) Multi-band receivers 

Little expenditure is involved in the provision of additional short-wave bands 
in a normal dual-wave receiver, and considerable advantages are possible. 

Receivers manufactured for export to some tropical countries need to receive fre- 
quencies as low as 2.3 Mc/s as well as the normal broadcasting bands and with two 
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short wave ranges and one broadcast range it is possible to provide continuous cover- 
age from 22 Mc/s to 540 Kc/s with standard components. 

However the more usual type of multi-range receiver is one in which the coverage 
of individual ranges is restricted by reducing the effective change in t uning capacitance. 
From the view point of ease of tuning it is best in such receivers to give each range 
an equal coverage in megacycles rather than an equal tuning ratio, as the highest 
frequency band may otherwise still be quite difficult to tune. 

Improved oscillator performance is possible because higher (if necessary) and more 
constant values of oscillator grid current can be obtained, while r-f and aerial coil 
performance can be improved because higher values of inductance can be used. 

Microphony is reduced because part of the oscillator tuned circuit capacitance is 
a fixed capacitor. Further advantages of using a number of short wave tuning ranges 
are brought out in the next subsection. 

(iv) Band-spread receivers 

Although the short wave tuning range of a dual-wave receiver is usually greater 
than 12 Mc/s, with consequent difficulties in tuning, the majority of short-wave pro- 
grammes are to be found within the 16, 19, 25, 31 and 49 metre international broad- 
casting bands, which have a combined coverage of only 1.65 Mc/s. If the bands 
could be arranged consecutively on one tuning scale the tuning speed would be quite 
acceptable. However their separation in the spectrum makes this impossible, and 
many ingenious methods have been used to spread the short-wave broadcasting 
bands without spreading equally the whole short-wave spectrum. 

When the actual tuning-in of a short wave station has been made easy by mec hani cal 
or electrical means, other possible refinements to short wave tuning become obvious. 
As adjacent short-wave stations are, with band-spreading, separated by a greater 
mechanical movement of the tuning control it may be possible to give short wave 
calibrations sufficiently accurate for the identification and relocation of short-wave 
stations. This is most desirable. 

On the other hand any frequency drift which occurs during warming up is made 
very obvious by the much greater tuning control travel required to correct it, and 
unless the drift is only of the order of 10 Kc/s, useful calibrations are not possible. 

The various general types of bandspreading are shown clearly in Fig. 35.8 (Ref. 14). 
The mechanical types mentioned are not commonly used in mass production because 
the accuracy needed to provide the necessary mechanical amplification without undue 
blackiash is not readily achieved. Nevertheless the National H.R.O. dial is one well 
known example of the precision drive and scale. 

A broad distinction is made on the electrical side of the " family tree " shown in 
Fig. 35.8 between switched inductance and switched capacitance types of band spread- 
ing. However it is quite possible for the two types to be used in one receiver, a 
capacitor being switched in parallel with a coil to tune it to a lower frequency and an 
inductor to tune it to a higher frequency band. When fixed capacitors are switched 
for band selection the frequency stability can be at least as good as when inductors 
are switched, although for draughting convenience this is not indicated in the figure. 

Some of the more unusual band-spreading methods include the use of tuning con- 
densers with specially shaped plates to give very rapid tuning between bands, and 
adequate spreading on the short wave broadcasting bands. Another ingenious system 
has a normal tuning condenser coupled to an iron core moving continually into and 
out of the inductor. This increases and decreases the inductance, and the mechanical 
coupling is arranged so that on the international bands the inductance variation op- 
poses the capacitance variation, giving very slow tuning, while between the bands the 
two variations are additive, giving very rapid tuning. 

The double frequency changing method mentioned on the chart has the advantages 
of giving the same tuning range on each spread band and of separating the band- 
spreading and local oscillator circuits. However it is a comparatively expensive system 
and its use is limited because of this. 
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Fig. 35.8. Possible types of bandspreading (from Ref. 14). 

Bandspreading by means of moving iron cores has been used in many models, but 
although this is an electrical type it introduces mechanical problems of core location 
if the band-spread ranges are calibrated. 

The small parallel variable capacitor used for spreading is well known to amateurs 
but gives a very variable amount of band-spreading, depending upon the capacitance 
of the main tuning condenser, with which it is in parallel, at different parts of the tuning 
range. Moreover unless the band-spreading condenser has as many sections as the 
main tuning condenser the signal frequency circuits become detuned when band- 
spreading is used. This restricts the proper use of the spreading condenser to the 
passband of the signal frequency circuits between values of about 6 db loss, and when 
a r-f stage is used this contains very few broadcasting channels. 

A simple method of spreading which avoids the use of an additional tuning con- 
denser is the tapped coil system. When the tuning condenser is tapped down the 
coil, its effective capacitance is reduced approximately by the square of the tapping 
ratio. If distributed capacitance across the whole coil is neglected, the coverage at 
X ac h tapping point will be a constant proportion of the frequency. Distributed 
capacitance reduces the coverage at the higher frequencies, giving a more nearly equal 
coverage measured in Kc/s. To restrict the coverage at each tapping point, a capaci- 
tor can be connected in parallel (Ref. 20) or in series with the main tuning condenser. 
Such capacitors can conveniendy be brought into circuit by the band-spread switch. 

The series capacitor method of bandspreading (Refs. 15, 16) has been widely used. 
It has the advantage of providing, if desired, continuous coverage of the normal 
short-wave band (6 to 18 Mc/s) together with tuning on the international broad- 
casting bands which is comparable with that of the medium wave band. In 
addition it requires few additional components, all of which are standard types. 

Fig. 35.9 shows the essentials of such a band-spreading circuit as applied to an 
aerial stage. Only two wavebands are shown, but as many as can conveniendy be 
switched can be used. A typical value for the capacitor in series with the gang is 
50 fifjF and at the high frequencv end of the band, with gang capacitances of the order 
of 15 lAfiF it has only a small effect on the resonant frequency of the tuned circuit. 
With the gang approaching its maximum setting of 400 ppF or more, however, C 
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is the main frequency determining component, as the total capacitance approaches 
50 /x/xF asymptotically. 

The value of C can be chosen to give continuous s*iort-wave coverage with one 
international band at the low frequency end of each range, where the maximum band- 
spreading is obtained. In this case C will have a capacitance of about 57 miF for 
a typical tuning condenser. Alternatively the requirement might be a tuning rate 
at least as slow as that at the low frequency end of the broadcast band, in which case 
C will be 30 /x/xF„ Padding for the oscillator circuit is obtained by using a smaller 
series condenser for the oscillator section of the gang, assuming that the oscillator 
operates at a higher frequency than the signal circuits. 



FIG .3S.9 
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Fig. 35.9. Series-capaci- 
tor method of bandspreading. 
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The system has the advantage of providing a high L/C ratio, owing to the small 
maximum tuning capacity, thus giving high gain, and microphony due to the tuning 
condenser is reduced or eliminated on the spread ranges because capacitance varia- 
tions in the gang itself are minimized by the series condenser. The main disad- 
vantages are the large number of inductors required — even when full advantage is 
made of tapped coils — if all short wave bands are to be covered, the unequal spread- 
ing within the bands if a large amount of spreading is used, and the small parallel 
capacitances in the oscillator circuit even on the low frequency ranges, which makes 
difficult the stabilizing of the oscillator frequency as the valve warms up. 

The system just described gives its maximum spreading at the low frequency end 
of the band. An alternative circuit could be imagined in which no series capacitor 
was used, but a capacitor in parallel with the gang (say 100 /x/xF) gave spreading at 
the high frequency end of the band. A combination of the two circuits (Fig 35.10) 
gives an almost linear spread over the whole tuning range when suitable components 
are used. 

For a case in which one short wave band is to be spread over the whole tuning 
range, typical values for the components in Fig. 35.10 are 

Tuning condenser 12 to 420 h/jF 

Ci 60 (*f*F 

C 2 100 fifiF 

C 3 80 fifiF 

T 2 to 25 /x/iF trimmer. 

These values give a tuning range slighdy greater than 400 Kc/s on the 31 metre band. 
Although different values of C 3 will obviously affect the tuning range, different bands 
can be tuned by altering its capacitance and if the oscillator is operated for example 
on the low frequency side of the 17 Mc/s band, and on the high frequency side of 
the adjacent 15 Mc/s band, the difference in coverage is not serious. Higher fre- 
quency bands can be tuned by substituting a smaller inductor, or by connecting 
another inductor in parallel with the tuned circuit. 

The unlimited spreading capabilities of the circuit of Fig. 35.10 allow a short-wave 
band of 200 Kc/s to be tuned over the whole dial scale. This is not advisable how- 
ever, as the tuning becomes too slow, and a suitable minimimi tuning range is about 
500 Kc/s. A good reason for restricting the tuning range is that a fixed tuned aerial 
circuit can be used without any serious loss in gain. The gain of an aerial circuit 
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with an effective Q of 50, tuned to the middle of a band 500 Kc/s wide and including 
the 15 Mc/s band, falls about 6 db between the centre point and the extremes of the 
band. 

With such a system spreading only the international bands, it may be advisable 
to provide one short wave band giving continuous coverage from 6 to 18 Mc/s, as 
many stations of interest are heard outside the bands. This is not a great disad- 
vantage as the components used for continuous coverage can also be used for at least 
some of the spread ranges. 

Apart from the possibility of providing linear spreading up to any reasonable 
limit (and the consequent need for bandspreading for the oscillator circuit alone in a 
receiver without a r-f amplifier) the circuit has the advantage of preserving suitable 
L/C ratios while maintaining at all times a capacitance in parallel with the oscillator 
input large enough to minimize frequency drift as the valve warms up. Capacitor 
C 3 can be a temperature compensating condenser to improve the frequency stability. 

Microphony from the gang is completely eliminated because, with normal com- 
ponent values, the tuning capacitance is only altered 10% as the gang is turned from 
maximum to minimum. 

An interesting image rejection circuit is given in Ref. 14A. Its use is confined to 
bandspread receivers with a r-f stage and covering one short-wave band only on each 
band spread range, but image ratios from 35 to 50 db are claimed. Few additional 
components are required. 



SECTION 5 : A.C. OPERATED RECEIVERS 

(*") Pour valve receivers (it) Five valve receivers (n't) Larger receivers (iv) Com- 
munication receivers. 

(i) Four valve receivers* 

(A) T-R-F receivers 

Because it has no local oscillator coil or i-f transformer, the t-r-f receiver is the 
cheapest to build, but has a performance equivalent to its cost. Using modern valves 
a sensitivity of a few hundred microvolts can be obtained, or even better if some form 
of fixed regeneration is used and can be made effective over the whole tuning range, 
but the selectivity is in general insufficient to separate local stations if they are of high 
power or situated close to the receiver. 

The main application of t-r-f sets is in absolute minimiun cost receivers which 
operate with 3 stages and a rectifier, although using only three or even two actual 
valve types. In such a case there is a resulting loss in sensitivity, which might then 
be no better than one millivolt. 

Volume controlling is most conveniently carried out by varying the bias of the r-f 
amplifier, and to ensure low minimum volume on strong local stations the aerial is 
sometimes wired to the control as in Fig. 35.11 so that it is earthed in the minimum 
volume position. 

(B) Superheterodyne with a-f amplifier 

An improvement in selectivity can be obtained by using the superheterodyne prin- 
ciple even when no i-f amplifier is used. Such a receiver would have a converter 
followed by an i-f transformer, a second detector, an a-f amplifier and an output valve. 
Detection can be by diode (included in an a-f valve), anode bend, or 'leaky grid de- 
tector with possible regeneration in the last case. Since the input to the detector is 
fixed tuned, pre-set regeneration can provide a constant and appreciable improve- 
ment to both sensitivity and selectivity over the whole tuning range without the care 
which is needed in a t-r-f receiver. 

Selectivity is improved since there are three tuned circuits, two of which are fixed 
tuned and give constant selectivity over the band. 

*i.e. three amplifying stages and rectifier. 
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(C) Superheterodyne with i-f amplifier 

The majority of three valve and rectifier receivers are superheterodynes with an 
i-f amplifier, in which selectivity can be made as good as required. Sensitivity too, 
while presenting some problems, can usually be made adequate, i.e. less than one 
hundred microvolts and, in extreme cases, less than fifteen microvolts on the medium 
wave band. 

Three types of second detectors have been used, power grid, anode bend (each 
carried out by the output valve) and diode, although diodes are now used universally. 
The power grid detector had the disadvantage of high plate dissipation when no signal 
was being received, and the anode bend had somewhat higher distortion and needed a 
very high impedance plate load. The maximum power output when the output 
valve is detecting is of course seriously reduced. The diodes can be combined with 
the i-f amplifier or with the output valve, and one receiver has been marketed in which 
the suppressor grid of the i-f amplifier was used as a diode. 



I-F Amplifier 
i 2nd Detector 



R-F Amplifier 




Fig. 35.11. Volume- 
control circuit used with 
t-r-f receivers. 
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Fig. 35.12. A.V.C. circuit suitable for 3/4 valve 
receiver. 

Volume controlling is carried out by manual control of converter and i-f bias or 
by a,v,c. and an a-f volume control. The design of a.v.c. circuits for low gain receivers 
without an a-f amplifier presents some problems since they must be cheap, and must 
give full a-f output with the smallest possible input, which prohibits the use of full, 
simple a.v.c. as commonly used in cheap receivers with an a-f amplifier. On the 
other hand the low sensitivity means that the required range of a.v.c. control is less 
than normal and advantage is taken of this in the usual a.v.c. circuit which is shown 
in Fig. 35.12. 

This circuit needs only one more resistor (i^) than the simplest possible circuit, 
and i?j and R 2 form a voltage divider so that only a fraction of the voltage developed 
across the diode load is applied to the grids of the controlled stages. The most 
suitable fraction depends on the initial sensitivity and the valves used, but values of 
one third to one fifth are common. Two details need care, the negative voltage 
applied to the diode must be kept to a minimum, to reduce distortion and to prevent 
the diode from being muted in the absence of a signal and the a.c. shunting on the 
diode load must be as small as possible. Large values for 2? x and i? 2 fulfil both 
requirements and minimum values can be taken as 1 megohm and 2 megohms respec- 
tively. With the normal value of 0.5 megohm diode load the bias on the diode is 
less than £ volt, and the shunting reduces the a.c./d.c. ratio to 0.8. Better values to 
give almost the same ratio would be 2 megohms and 5 megohms (0.2 volt bias on 
diode ; a.c./d.c. ratio = 0.9). 

The use of only part of the developed voltage allows the output to rise rapidly 
with increasing input, which is an advantage for small signals, but there is litde flatten- 
ing of the characteristic with larger inputs. 

For a slight increase in cost, delayed a.v.c. can be used and this will give the most 
rapid rise in output with increasing input, followed by a flat output-input characteris- 
tic. A suitable circuit is the " sinking diode " type shown in Fig. 27.38B, and pro- 
vided that an additional diode is available the increase in cost is slight. 
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With manual volume control the circuit of Fig. 35.11 is usually employed. How- 
ever if the B supply voltage is low, the signal handling capabilities of the i-f valve 
are reduced (owing to the reduced plate-cathode voltage) when a strong signal is 
tuned in, the volume control is turned back and the cathode voltage of the controlled 
valves thus increased. This objection can be overcome by using a negative voltage 
applied to the grids of the controlled stages. One method of obtaining the negative 
voltage is to connect the power supply filter in the negative lead and use the d.c. 
voltage generated across it. Some decoupling is necessary, but one stage is sufficient 
as high value resistors can be used. 

A second method of obtaining a suitable negative voltage is to use the volume con- 
trol resistor as, or in parallel with, the oscillator grid leak (with suitable decoupling). 
Oscillator grid current must be kept as constant as possible throughout the tuning 
range when this is done. 

Three valve and rectifier receivers with an i-f stage and using i-f transformers with 
a Q of about 115 and good aerial coils are capable of producing sensitivity figures of 
the order of 15 fiV on the medium wave band when the most suitable commercial 
valve types are used. This sensitivity is ample for almost any listening conditions 
providing full volume is not required from very weak signals. In fact, successful 
dual-wave receivers giving short wave sensitivities not worse than 50 /xV have been 
made with such a circuit. 

(D) Superheterodyne with reflexing 

Reflexing in a three valve and rectifier superheterodyne receiver provides enough 
a-f gain to allow full simple a.v.c. to be used, and to allow good short wave performance 
to be obtained. The additional problems involved are discussed in Chapter 28. 

A convenient a.v.c. circuit consists of full a.v.c. voltage applied to both converter 
and reflexed i-f amplifier, which can give a very flat a.v.c. characteristic. An a.v.c. 
circuit in which control is applied only to stages before the a.v.c. detector, can never 
give a completely flat output curve, because some rise is necessary to provide the 
additional bias needed to reduce the output as the input signal is increased. Such 
a circuit is a "backward acting" a.v.c. circuit. 

A " forward acting " a.v.c. circuit is one in which the developed a.v.c. voltage is 
applied to a stage after the detector, and with such a circuit the output voltage may 
even fall with increasing input. The reason is that although the detector output 
must rise as in the previous case, the gain after the detector will fall, and the net result 
may be an increase or a decrease or a flat characteristic depending on the constants 
used. 

In a reflex receiver the application of a.v.c. to the reflexed stage controls the mutual 
conductance of the valve and thus its gain at intermediate and at audio frequencies. 
As the a-f gain follows the detector the a.v.c. system is a forward acting one. 

Alternative a.v.c. designs in a reflex receiver may use full a.v.c. on the converter 
and a fraction or none on the reflexed stage. 

The increased a-f gain makes it possible to use inverse feedback, frequency com- 
pensated or otherwise, in the a-f amplifier, and resistive feedback into the bottom of 
the volume control (see Sect. 3(iii) of this chapter) is useful in reducing minimum 
volume. 

The combination of audio a.v.c. and negative feedback (particularly when fre- 
quency compensated) is not always advisable, either in reflex receivers or in larger 
types in which a.v.c. may be applied to a valve acting only as an a-f amplifier. Since 
the purpose of the a.v.c. is to vary the gain of the stage, and one of the functions of 
negative feedback is to minimize any changes within the loop, the two effects oppose 
each other. This is not undesirable in itself, but the result is that on strong signals, 
such as local stations, the a-f gain is reduced and the feedback is consequently reduced 
so that the full effects of distortion reduction are not obtained. When the feedback 
incorporates frequency compensation the result is that weak stations receive maxi- 
mum compensation and local stations a reduced amount, which is the reverse of the 
normal requirement. 



35.5 



(i) FOUR VALVE A.C. RECEIVERS 



1259 



Advantage has been taken of this effect in a receiver having one a-f stage with 
deliberately attenuated high and low frequency response. Audio a.v.c. was applied 
to this stage so that on strong stations no attenuation resulted — slight high and low 
frequency boosts were incorporated elsewhere in the a-f circuit — whereas on weak 
stations considerable treble and bass cutting was automatically introduced, giving 
a very effective automatic tone control. Suitable treble cutting for such a circuit 
could be by means of a small capacitor between plate and grid of the controlled stage, 
and bass cutting could be brought about by a small value of screen by-pass in a pen- 
tode. 

In conjunction with a pick-up of good sensitivity a reflexed three valve receiver 
can reproduce gramophone records without added circuit complications. 

The most common type of reflexing has the a-f and i-f signals applied to the con- 
trol grid, with the load for each in the plate circuit. Another type which has been 
used has the two signals applied to the control grid with the i-f load in the plate cir- 
cuit and using the screen dropping resistor as the a-f load, with an i-f by-pass from 
screen to ground. The a-f path to the grid of the output valve is provided by means 
of a normal grid coupling capacitor. 

Since the a-f gain available from a reflex stage is comparatively small if the i-f 
operation is to be satisfactory, the reduced amplification between control grid and 
screen grid may be more than offset by the increased a-f load resistor which can be 
used and by the fact that proper i-f by-passing can be used on the cold side of the i-f 
transformer in the plate circuit. 

(ii) Five valve receivers* 
General comparison of types 

The three valve receiver using a converter, an i-f amplifier and an output valve can 
be considered to be the smallest conventional superheterodyne receiver, and a valve 
can be added to it in three ways, as an a-f amplifier, an i-f amplifiei or a r-f amplifier. 
Three very different types of receivers result, and the comparison serves to show the 
main ways in which the conventional 4 valve receiver with a-f amplifier can be im- 
proved. 

The table below lists the order of preference for each type of receiver against a 
variety of headings. 



Additional stage 


A-F 


I-F 


R-F 


Cost 


1 


2 


3 


Sensitivity 
Selectivity 
A-F Response 
A.V.C. 


2 
3 
1 
3 


1 
1 
2 
1 


3 

2 
2 
2 


Stability 
Noise 


2 
3 


1 

2 


2 
1 


Spurious Responses 


2 


3 


1 



The names " a-f receiver," " i-f receiver " or " r-f receiver " are used to identify 
a receiver with such an additional stage.. 

Although the performance of the a-f receiver can be improved upon in many ways, 
its characteristics can be satisfactory, as evidenced by the fact that the great majority 
of five valve receivers are built in this form. Since most receivers are tuned only 
to local stations, the advantages of the i-f and r-f types would rarely be displayed, 
and their additional cost might be more profitably used on a refinement on an a-f 
receiver such as a tuning indicator, bandspread ranges, or a better loudspeaker, 
cabinet or a-f system. 

*i.e. four amplifying stages and rectifier. 
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(iii) Larger receivers 

The conventional six valve receiver* has r-f, converter, i-f, detector, a-f and output 
stages, but although the stage usually added to the conventional four valve and 
rectifier receiver is a r-f one with advantages outlined in the previous section, the 
customer usually expects improvements in all features of the receiver's performance. 
To the average listener an improvement in fidelity is more noticeable than, for ex- 
ample, a reduction in image response, and it seems probable that the public would in 
most cases be better served with a six valve receiver with push-pull output rather 
than by a single ended receiver with a r-f stage. 

Whether or not push-pull is used, some improvement in a-f response is required, 
for instance an increase in acoustical output, in conjunction with a suitable negative 
feedback circuit to give a reduction in distortion and a compensated frequency res- 
ponse. 

A valve delivering more than four watts into an efficient output transformer and a 
sensitive loudspeaker can produce a considerable volume of noise but, even without 
push-pull, impressive reproduction can be obtained from the larger tetrodes and 
pentodes which draw between 70 and 80 mA of plate current. 

The additional selectivity provided by a r-f amplifier with a high Q coil is appreci- 
able and gives even more sideband cutting than is experienced with the usual 4 valve 
and rectifier receiver, particularly at the low frequency end of the broadcast band. 
As a result the high frequency response of the larger receiver may be inferior and, in 
fact, inadequate. The remedy of expanding the selectivity can be quite inexpensive, 
particularly if a " local broadcast " position is used on the wave change switch, or if 
one position on a tone control switch is used. Push-button receivers can have one 
button set aside for expanding the selectivity, which has the additional advantage 
of minimizing the result of frequency drift of the settings of the other push buttons. 

Expanding of the i-f selectivity can be carried out simply and cheaply as described 
in Chapter 11 Sect. 3(iii), and the wiring is not critical because all leads have a low 
impedance to ground. It is only necessary to expand the first i-f transformer in a 
conventional single i-f stage receiver with an untapped second i-f transformer because 
the heavy damping on the second i-f reduces its selectivity appreciably from that of 
the less heavily damped first i-f transformer. 

After the i-f amplifier has been expanded to give say 6 db attenuation at 8 Kc/s 
detuning, it may be found that the overall selectivity for small attenuations is still 
excessive, and the remedy is to expand the r-f stage. The clamping of the aerial on 
the aerial secondary makes it unnecessary to expand the aerial coil. A convenient 
method of decreasing the r-f coil selectivity is to switch a small resistor (25 ohm carbon) 
in series with the cold end of the secondary. Gain is not seriously reduced, and the 
leads involved are low impedance so that they can be taken to the appropriate switch 
section without giving trouble. 

After the high frequency response has been brought up to the required level, the 
small expense involved in fitting a high frequency diffuser is well repaid. With 
such a diffuser, the quality of reproduction becomes reasonably independent of the 
listener's position in front of the receiver, and the usual beam of accentuated high 
frequency response directly in front of the loudspeaker disappears. 

(iv) Communication receivers 

(A) Definition 

A communication receiver has been defined (Ref. 33) as one which is not designed 
for limited or specific purposes. In some respects a communication type may be 
inferior to another receiver (perhaps an interception receiver to operate on a fixed 
frequency) in a particular application, but in general it has high performance and 
flexibility. Control of many of the circuits is available to the operator, of whom some 
technical knowledge is required. 

(B) Frequency coverage and calibration 

v^Ouunujiication receivers nave ueen uesigneu to provide coverage between 15 Kc/s 
and 25 Mc/s and between 30 and 300 Mc/s, but many do not tune above 

*i.e. five amplifying stages and rectifier. — — — _- 
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30 Mc/s or below 540 Kc/s. Provision for reception of F-M broadcasting on 88-108 
Mc/s is included in some models. 

Owing to the wide range of frequencies covered, the calibration of a communication 
receiver is important, and increasing emphasis is being placed on the inclusion of 
facilities for calibration checking and even on the possibility of the receiver being 
tuned to any given channel in its range without external aids. 

An inbuilt crystal oscillator is the usual method of checking calibrations, and when 
the oscillator operates at 0.5 or 1.0 Mc/s, convenient checking points occur throughout 
the tuning range. Movable cursors have been used with receivers of this kind to 
allow corrections to be made to the calibration when found necessary. Figure 35.13 
(British patent No. 8706/44) shows a simple circuit to increase the amplitude of the 
higher harmonics of the oscillator output up to the self-resonant frequency of the choke 
L. The choke is designed to keep the harmonic output as constant as possible 
throughout the tuning range of the receiver. Such an inbuilt calibrator can be very 
useful in the alignment of the receiver. A possible refinement is the modulation of 
the oscillator output by pulsing with a neon tube, or even by the mains frequency, for 
ease of identification. 



FIG. 35. 13 




Fig. 35.13. Circuit for increasing am- 
plitude of high-order oscillator har- 
monics (from Ref. 33). 



For the second requirement of setting the receiver accurately to any desired fre- 
quency, a crystal oscillator and its harmonics are used as a part of the mixer input, 
and tuning is provided by a comparatively low frequency oscillator which bridges the 
spaces between the harmonics of the crystal. The variable oscillator can be designed 
to operate at a low frequency and to have high stability, any residual fluctuations 
being a much smaller proportion of the total mixing frequency than of the variable 
oscillator frequency. 

To minimize the possibility of incorrect frequency settings, some receivers have 
sliding dial scales which expose only the calibration actually in use. Where high 
setting accuracy is required the frequency may be displayed as the sum of two readings, 
one in Mc/s and the other in Kc/s. 

(C) Bandchanging 

Methods of bandchanging can be divided into three main categories, mechanically 
operated moving coils with stationary contacts, plug-in coils and switched coils. 
The most common form of moving coil arrangement uses a rotating turret with the 
coils inside it, but moving platforms which travel along the chassis have also been 
used. Particularly when high frequencies are tuned, the contacts for the moving coils 
present a problem as the inductance of the contacts can form a large part of the re- 
quired inductance — with consequent loss of gain — and the inductance may vary each 
time a particular band is brought into circuit or when the receiver is subjected to 
mechanical movement. 

Plug-in coils can be efficient as they do away with the need for a wavechange switch 
— each plug-in unit can even carry its own calibration — but the necessity for grouping 
the coils adjacent to an opening in the case restricts the layout somewhat. Storage 
must be provided for the unused coil units close to the receiver. 

Switched coils are most commonly used and the main associated problem is the dis- 
posing of a number of coils adjacent to each switch. The switches need to be reliable, 
but modern types using rhodium plating properly applied are satisfactory. 



1262 (iv) COMMUNICATION RECEIVERS 35.5 

(D) Stability 

Many stability problems are automatically eliminated by the use of suitable circuits, 
e.g. crystal controlled oscillators. Methods of improving electrical stability are out- 
lined in Chapter 24 Sect. 5. However mechanical stability is a first requirement and 
the tuning units at least should be made as rigid as possible, some receivers even using 
a cast chassis with this end in view. 

(E) Sensitivity and noise 

Owing to the number of stages used, the sensitivity is always limited by the noise 
i n the first stages of a receiver. This is taken into account in one method of measure- 
ment by defining sensitivity as the lowest intensity of an input r-f carrier modulated 
at 400 cycles to a depth of 30% such that the total r.m.s. output power (signal and noise) 
is halved when the modulation is removed from the input carrier. Such a definition 
of sensitivity gives a good indication of the minimum signal which can be used and 
figures of the order of one micro-volt and better can be obtained. 

Another method of defining the noise ratio is by comparing it with the signal-to- 
noise ratio of an ideal receiver under the same conditions. The factor by which the 
noise ratio of an actual receiver is worse than that of an ideal receiver is known as its 
noise factor. Further details of this method of noise measurement are given in Chapter 
37 Sect. l(vi)G. 

(F) Selectivity 

The selectivity requirements of a communication receiver are severe and depend 
on the type of service for which the receiver is being used. For telephony the band- 
width cannot be less than about 5 Kc/s at 10 db attenuation, whereas for telegraphy 
a bandwidth of a few hundred cycles per second is sufficient while greater bandwidths 
give increased noise interference. 

These requirements can only be met by variable selectivity under the control of 
the operator, and a good receiver will usually have at least six i-f tuned circuits to pro- 
vide adequate " skirt " selectivity, with a crystal filter providing varying degrees of 
" nose " selectivity perhaps together with a variable rejection control for dealing with 
an interfering station on a nearby frequency. A representative crystal circuit 
will give an attenuation of 20 db when detuned 200 c/s in its sharpest position and 2000 
c/s in its broadest position. With a rejection or " phasing " control in use, an at- 
tenuation in excess of 40 db can be obtained within 250 c/s of resonance. The as- 
sociated i-f amplifier will give an attenuation of 60 db when detuned less than 15 Kc/s. 
Crystal bandpass filters are becoming increasingly popular and they provide a pass 
band of say 300 or 3000 c/s with severe symmetrical attenuation on each side. De- 
tails on the design of variable selectivity crystal filters are given in Chapter 26 Sect. 6. 

An additional means of discriminating between a desired telegraphy signal and an 
undesired one separated by perhaps only a few hundred cycles per second, is the use 
of a-f selectivity. A typical selective circuit centred on 1000 c/s gives an attenuation 
of 15 to 20 db only 100 c/s from resonance and of course much greater reductions 
with greater separation. Apart from discrimination against undesired signals, such 
a circuit reduces random noise in the same ratio as it reduces the bandwidth, and the 
ringing which is experienced with crystals at maximum selectivity when subjected 
to bursts of noise is eliminated. 

Such selective a-f circuits are normally designed with iron-cored inductors because 
maximum Q is required, but it may be possible to produce equivalent or improved 
performance with a bridged T negative feedback circuit. 

(G) Volume control and a.v.c. 

Volume control presents some problems because the range of signal levels which 
the receiver is expected to use exceeds one million to one, and because different types 
of control are required for different functions of the receiver. For reception of 
telegraphy many operators prefer a manual control and some receivers provide separate 
controls for a-f gain and i-f gain ; even separate r-f gain is sometimes provided. 
A convenient compromise which obtains good results from the receiver and requires 
no care on the part of the operator is to gang the a-f and r-f controls and delay the 
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application of bias to the first stage by means of a diode as discussed in Chapter 27 
Sect. 3(iii). The r-f control is rendered ineffective when a.v.c. is switched on, and 
the a.v.c. voltages can be applied to the r-f control circuit. 

A.V.C. is frequently used for c.w. reception when a suitable time constant is pro- 
vided. For telephony a normal time constant is 0.2 second but this needs to be 
increased to at least 1 second for c.w. 

Amplified a.v.c. is used in most large communication receivers to provide maximum 
control, and results such as a 2\ db increase in output for a 100 db increase in input 
can be obtained (Ref. 34). Control should begin at the minimum signal level which 
can be used by the operator. 
(H) Beat frequency oscillator 

To produce an a-f output from a c.w. signal it is necessary to beat another signal 
with it. The beat frequency oscillator operates at, or close to, the intermediate fre- 
quency and beats with any signal in the i-f channel. The oscillator frequency can 
usually be varied a small amount (± 2\ Kc/s is typical) by a control on the front 
panel to allow adjustment of the beat frequency (perhaps to the peak of the a-f res- 
ponse) without detuning the signal from the peak of the i-f circuits. 

The required amount and method of B.F.O. injection need some consideration. 
Sensitivity is lost if the B.F.O. amplitude at the second detector is too small, but when 
the coupling is increased a large input signal pulls the B.F.O. into zero beat from in- 
creasing frequency separations. Pulling into zero beat from a difference frequency 
of the order of 1000 c/s is not uncommon in bad cases. Another effect of too much 
B.F.O. injection is that the B.F.O. provides a signal at the second detector large 
enough to generate appreciable a.v.c. voltages and so reduce the sensitivity of the re- 
ceiver even without an external signal. 

Pulling can be minimized by electron coupling of the B.F.O. into the i-f channel, 
and with careful control of the amount of beat frequency voltage it is possible to 
obtain adequate injection without appreciable a.v.c. sensitivity reduction. 
(I) Signal strength meter (S meter) 

Many receivers use a calibrated meter to indicate the strength of signals tuned. 
The calibration is usually arbitrary (SI to S9 for example) because the variation of 
receiver sensitivity across the various bands, and on different bands, makes an absolute 
calibration impossible. If this effect, and the varying efficiency of different aerials 
on different frequencies are borne in mind, the S meter can be a useful reference. 

Circuits have been devised (Ref. 34) in which the S meter operates in conjunction 
with the manual volume control to provide signal strength indications on all types of 
reception, with or without the beat oscillator 

The usefulness of the meter can be greatly increased by providing a switch which 
allows appropriate currents and voltages throughout the receiver to be measured. 
(J) Aerial input 

To allow maximum efficiency to be obtained from different aerial systems, pro- 
vision is often made for different types of aerial inputs, such as a single wire with 
separate earth connection, a balanced two wire feeder or a low impedance concentric 
cable. 

An aerial trimmer on the front panel is very desirable when a variety of aerial inputs 
is provided. Even with a single wire aerial the changes of impedance throughout 
the short wave ranges allow considerable improvements in sensitivity and signal-to- 
noise ratio to be obtained by the use of an aerial trimmer, and aerial coil design is not 
restricted so greatly by the possibilities of mistracking. 

An analysis of the effects on signal-to-noise ratio of the ratio of feeder impedance 
to receiver input impedance with various detuning ratios is given in Ref. 33. 
(K) Noise (crash) limiters 

These are commonly fitted to communication receivers. Details of the many 
varieties will be found in Chapter 16 Sect. 7 and Chapter 27 Sect. 5. 
(L) Diversity reception 

Provision for diversity reception is sometimes incorporated in communication 
receivers by providing facilities for combining the a.v.c. voltages and outputs of the 
individual receivers. 
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Another requirement for diversity receivers is that oscillator reradiation should 
be kept to a minimum. This can be done by using the lowest possible oscillator 
grid current, by earthing the whole oscillator circuit at one point and treating other 
amplifier circuits between oscillator and aerial in the same way, by reducing to a 
minimum capacitance couplings between primaries and secondaries of signal frequency 
coils (this includes using high impedance externally wound primaries wherever pos- 
sible) and by minimizing all couplings other than the coils between the signal fre- 
quency and oscillator stages. The tuning condenser rotor shaft is the worst of such 
couplings and a rotor shaft insulated between sections is very desirable. If this is 
not possible, low impedance earthing should be provided for the rotor shaft and gang 
framework between each section. 

(M) Cross-modulation 

Communication receivers are frequendy used close to a transmitter and may be 
required to receive another station while the transmitter is in operation. Under 
such conditions the cross-modulation characteristics of a receiver may be of more 
importance than its signal-to-noise ratio or sensitivity (Ref. 33). 

A system known as counter-modulation has been used to allow receivers to operate 
more satisfactorily in the presence of very strong signals. The cathode resistor of 
the first valve in the receiver is by-passed to radio, but not to audio, frequencies, so 
that a-f components due to cross-modulation appear across it. The value of the re- 
sistor is adjusted so that the a-f voltages developed are sufficient to remodulate the 
wanted carrier with signals approximately equal and opposite in phase to the original 
cross-modulation. Correct bias for the valve is obtained by applying a suitable voltage 
to its grid. 

Further improvement can be obtained by operating the first valve solely to give 
minimum cross-modulation and substantial improvements can be obtained for slight 
reductions in signal-to-noise ratio. 

The possibility of cross-modulation occurring in non-linear conductors close to the 
receiver should not be overlooked (Ref. 3). 



SECTION 6 : A.C./D.C. RECEIVERS 

(i) Series-resistor operation (») Barretter operation (lit) Dial lamps (iv) Mis- 
cellaneous features. 

(i) Series-resistor operation 

A receiver for use with d.c. supply cannot use a power transformer with low and 
high voltage windings, and some of the main problems in designing such a receiver 
are concerned with providing power for the comparatively low voltage valve heaters. 

The problems are partly due to the non-linear relationship between voltage and 
current in a valve heater (owing to the increased resistance of the wire as the heater 
warms up) and Fig. 35.14 shows this relationship for a normal 6.3 V 0.3 A heater 
and for a 21 ohm resistor which draws the same current with 6.3 volts applied to it. 
It will be seen that with the normal heater a 10% variation in applied voltage gives 
approximately 6% increase in current. 

In a.c./dc. receivers, power is supplied to the heaters by connecting them in series 
across the mains, with or without an additional series impedance. When the sum of 
the required heater voltages is equal to the mains voltage the method is as satisfactory 
as when a power transformer is used, but when a series resistor is used, a variation 
of the mains voltage results in a larger percentage variation of the voltage across the 
heaters. 

This effect is illustrated in Fig. 35.15. Curve ABC represents the current voltage 
characteristic of a string of heaters used in a radio receiver. The rated operating 
voltage is 108 for a nominal current of 150 mA, and a series resistor of 880 ohms is 
used to give the required voltage drop with a 240 volt mains supply. The inter- 
section of the line with a slope of 880 ohms, and the current-voltage characteristic of 
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FIG. 35.14 



Fig. 35.14 (A). Voltage-current characteristic of 6.3 w/f 0.3 amp. /water ; (B) Voltage- 
current characteristic of 21 o/ww resistor. 



























1 
























































































































































































































































ISO 
























1 B 


y 






































































































































A 
























































































































































































120 




















































































































































































































































































& 






































































90 




















































i 




















1 
































*. 


































i 




































! 




























; 




















j \ 






V" 


V 








i 
















































i 








%. 






















60 




































































i 




: 




















| 


































































1 










































~~ 1 
























| 










































1 


1 
















1 


j } 
































30 








































































: 
















■i 1 






















j 








; 














ji 
















































', 






















































j 






















| ■' 








































1 




1 




















j 


! 

























X 106 Y 
80 l2 ° VOLTS l6 ° 



264 

240 290 

FIG. 35. 15 



Fig. 35.15. Illustration of the effect of mains voltage variation on heater voltage (Method 

from Ref. 41). 
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the heaters, is point B, the operating point under normal conditions. Now if the 
mains voltage is increased 10% to 264 volts the slope of the resistive line is un- 
changed and it intercepts the curve at point C. A vertical from C cuts the base line 
at Y, representing a voltage of 123, and an increase of 15 volts, i.e. 14% in the voltage 
applied to the heaters. Similarly a decrease of 10% in the mains voltage gives more 
than 10% decrease in the voltage applied to the heaters. 

Because of this fact, it is necessary to provide more tappings on a series dropping 
resistor for various primary voltages than would otherwise be the case. Variations 
in supply voltages around the nominal value must be taken into account, in conjunc- 
tion with the manufacturer's tolerance on the valve heaters. For American types 
this tolerance is usually taken as ± 10% of the rated voltage, but other tolerances are 
also used, and some types have a tolerance on the permissible current variation. 

When the dropping resistor is designed for one primary voltage only, it often takes 
the form of resistance in the power lead. This has the advantage of dissipating the 
heat outside of the oAinet. However if a receiver was originally designed for 115 
volt operation and is converted for 230 volt operation by means of a series resistor, 
the B+ voltage is liable to be reduced by this method (Ref. 36). The reason is that 
the value of the series resistor must be adjusted to give the correct average heater 
voltage (or current) but the rectifier draws its current in pulses and these pulses 
flowing through the series resistance decrease the applied voltage during the time the 
rectifier is drawing current. This gives a decrease in the d.c. output of the rectifier, 
which in a severe case might amount to 30 volts in 110. Methods of providing 
separate voltage dropping impedances for the heaters and rectifier which are suitable 
for use on both a.c. and d.c. are given in Ref. 36. Wheie voltage dropping of this 
type is required on a.c. only, a series condenser of the correct impedance can be used 
in series with the power lead (Ref. 42) provided that an adequate voltage rating is 
specified. 

(ii) Barretter operation 

A barretter is a device which passes a substantially constant current as the applied 
voltage varies within the operating range — see Chapter 33 Sect. l(i) and Fig. 33.1. 

The heat dissipation of a barretter is appreciable, and as most of the heat should be 
carried away by convection, ample ventilation is needed. This is necessary both 
for the barretter and for the whole receiver, if it is a small one, to prevent the cabinet 
from becoming unduly hot. The same problem exists, of course, if a series resistor 
is used. 

Apart from eliminating the effects of mains voltage fluctuations on filament current, 
a barretter does away with the need for changing tappings with different supply 
voltages over a range covered by the operating characteristics of the barretter. When 
a receiver is switched on, the initial current surge is limited by the barretter, which 
has the effect of noticeably increasing the time taken for the receiver to begin playing. 
The limitation of the surge is of no particular value to the valves themselves but may 
reduce dial light overloading in some circuits. 

Since the barretter contains an iron wire carrying an alternating current it is sus- 
ceptible to magnetic fields, which cause the filament to vibrate. The vibration leads 
to mechanical fatigue and breakage and if the barretter cannot be located at some 
distance from the loudspeaker, a magnetic shield must be used— preferably one which 
interferes with ventilation as little as possible. 

(iii) Dial lamps 

The protection of dial lamps from surges when the receiver is first switched on is 
one of the problems of a.c./d.c. receivers. If a 0.15 A dial lamp were connected in 
series with an appropriate number of 0.15 A valve heaters across the mains, the high 
current (several times greater than 0.15 A) drawn by the heaters for some seconds 
each time the receiver was switched on would drastically reduce the life of the dial 
lamp. If a series resistor were used the surge would be reduced, but not sufficiently, 
and even if a barretter replaced the resistor the dial lamp would be overloaded before 
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the barretter filament reached its operating temperature. The use of a dial lamp 
of higher current rating than the valve heaters is a possible method of operation. 
Some manufacturers have produced special lamps for series running. Nevertheless 
in each of these cases the failure of the dial lamp would remove the voltage from the 
valve heaters and stop the receiver. 

One method of avoiding this trouble is to use a negative coefficient resistor (Thermis- 
tor) in series with the valve heaters — see page 190 (n). 

A system in which both heater current and high tension supply current are used is 
given in Fig. 35.17. Special rectifier valves (e.g. 35Z5-GT) have been produced 
for use in such circuits, and the initial surge is offset by the fact that until the rectifier 
heater reaches its operating temperature the high tension component of the dial lamp 
current does not flow. No. 40 or No. 47 dial lamps (0.15 amp) should be used, and 
when the rectified current exceeds 60 mA a shunting resistor (R s in Fig. 35.17) is 
required, its value being 300, 150 and 100 ohms for rectified currents of 70, 80 and 
90 mA respectively. 




Fig. 35.17. Circuit using 35Z5-GT and 
dial lamp. The drop across R and all 
heaters {with panel lamp) should equal 117 
volts at 0.15 ampere. R s = shunting 
resistor required when d.c. output current 
exceeds 60 mA. 



Other rectifiers making similar provision for a pilot lamp are the miniature 35W4 
and the 45Z5-GT. 

The trend in small a.c./d.c. receivers is to use a simple dial without a lamp, and 
thus entirely avoid the use of the troublesome light source. 

(iv) Miscellaneous features 

(A) Rectifier 

Since there is no centre-tapped source of high voltage a.c. in an a.c./d.c. receiver 
it is not possible to use a normal full wave rectifier. Bridge rectifiers or voltage 
doublers are possible but half wave rectifiers are most commonly used. They intro- 
duce some filtering problems since the frequency of the ripple in the output is one 
half of that from a full wave rectifier. To give the same electrical attenuation, filter 
capacitors and inductors would need to be increased in size, but speaker inefficiency 
and the poorer response of the ear at the lower frequency help in minimizing the 
effects of higher hum level. 

When the receiver is operating on d.c, the rectifier acts only as a series impedance 
but serves a useful purpose in protecting the electrolytic filter condensers from damage 
if the mains connection is reversed in polarity, although the receiver will not operate 
under these conditions. 

The high tension voltage is likely to be different with a.c. or d.c. mains of the same 
rated voltage. The reason is that on a.c. the peak voltage applied to the rectifier is 
\/2 times the rated r.m.s. voltage and with small to medium loads and a large input 
condenser for the rectifier the d.c. output voltage will exceed the r.m.s. value of the 
a.c. input. 

Modulation hum is frequently experienced in a.c./d.c. receivers operating on a.c. 
due to the presence of r-f signals in the mains, and to the direct connection of the 
rectifier to the mains. A suitable filter in the mains lead will stop the modulation 
hum, and any interference coming from the mains, but a satisfactory cure for the 
hum alone is a small (1000 puF) mica condenser connected between plate and cathode 
of the rectifier. 

(B) Valve order 

When the valve heaters are wired in series and connected across the mains the 
potential between heater and cathode of any valve will be dependent on its position 
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in the string. Each valve must be placed so that the maximum heater-cathode poten- 
tial specified by the valve manufacturers is not exceeded, and also so that the potential 
is not great enough to introduce hum into the receiver output. 

The position of a valve in the circuit determines its susceptibility to hum pick-up, 
and an a-f amplifier is generally the most critical The usual wiring order, starting 
from the grounded end is second detector and first a-f amplifier, converter, r-f am- 
plifier, i-f amplifier, output valve, rectifier. The converter is kept as close to ground 
as possible to avoid modulation hum. It will be found that allowable maximum 
heater-cathode potentials (90 V max. design centre for American amplifying valves) 
always allow this order, which is the best for modulation hum, to be used. 

(C) Earth connection 

Two main types of a.c./d.c. receivers are produced, one with one side of the mains 
directly connected to the chassis, and the other with mains wiring connected to an 
earth bus which is by-passed to the chassis proper with a suitable capacitor, perhaps 
shunted by a high value resistor. 

The first type of receiver has fewer design difficulties but does not comply with 
the safety requirements in some countries, e.g. the Radio Code of the Standards 
Association of Australia (A.S.S. No. C.69— 1937) states : V.7 (f) (ii) " Power units 
and sets of the transformerless type shall have the live parts of the inner structure 
isolated from the case or frame by an isolating condenser or other approved means, 
which shall not be capable of passing a current exceeding 5 milliamperes to case or 
frame when the full rated voltage is applied in the normal manner of operation." 

The main trouble encountered with the other type of a.c./d.c. receiver is instability 
due to impedance between the earthed bus and the chassis proper, the impedance 
being made up of the reactance of the by-pass capacitor and the inductance of its 
leads. This impedance can be reduced to a low value by making up a unit consisting 
of an inductor wound on the body of the capacitor, the two being connected in series 
and resonated at the intermediate frequency, at which most amplification occurs. 

Many cases of instability need individual treatment and it often becomes necessary 
to return particular circuits (e.g. the cathode by-pass of the i-f amplifier) to the chassis 
through a series tuned circuit instead of to the negative bus. 

To avoid modulation and other types of hum it may be helpful to use back-bias 
for amplifying valves so that the cathodes can be directly grounded. This avoids 
the possibility of hum voltages appearing between cathode and ground. 

Where there is any possibility of interconnection of two or more a.c./d.c. units, 
such as for instance a radio tuner and a separate public address amplifier, it is essential 
that the mains be isolated from the chassis. 

SECTION 7 : BATTERY OPERATED RECEIVERS 

(i) General features (ii) Vibrator-operated receivers (Hi) Characteristics of dry 
batteries. 

(i) General features 

Most battery operated receivers are used in locations where signal strengths are 
low, and the main requirements are therefore high sensitivity and low noise. The 
cost of power obtained from batteries is high and every effort is made in the design 
of battery receivers to keep the current drain to a minimum. This is done by reducing 
the a-f power output considerably from that available in an a.c. receiver and by using 
high Q aerial and i-f coils so that high gain can be obtained without operating the 
valves at their maximum ratings. Many receivers have an economy switch which 
reduces battery drain by decreasing the screen voltage on the i-f and output valves 
or by other means. The reduced power output and sensitivity are still adequate 
for most uses. 

The mutual conductance of battery valves is lower than that of corresponding a.c. 
types to such an extent that although the smallest a.c. receivers in general use have 
three valves and a rectifier, the smallest battery sets need four amplifying valves to 



35.7 BATTERY OPERATED RECEIVERS— (i) GENERAL 1269 

obtain similar sensitivities. The four types are a converter, an i-f amplifier, an a-f 
amplifier and an output valve. The i-f output is severely limited by the low plate 
voltage on the last i-f valve — about 84 volts with fresh batteries in a typical modern 
receiver — and an a-f amplifier is needed to obtain sufficient a-f voltage to drive the 
output valve. 

The more general type of battery receiver has five valves and uses the additional 
valve as a r-f or second i-f amplifier. On the broadcast band sensitivities of the order 
of 1 /xV are readily available in each case, and if a high gain aerial coil is used there 
is not a great deal of difference in signal-to-noise ratio. On the short-wave band the 
r-f stage receiver is noticeably quieter but the average sensitivity at 6 Mc/s may be 
of the order of 25 /*V, against perhaps 10 /aV for the receiver with an additional i-f 
stage. 

Because of the low i-f plate voltage the signal handling capacity of battery operated 
receivers is limited, and taken in conjunction with the requirement for high initial 
sensitivity, this means that a normal battery receiver overloads with a comparatively 
small r-f signal applied. Nevertheless the conditions of use are such that large inputs 
are not usual, and a receiver which will not distort seriously with an input of 0.1 volt 
will give satisfactory service in almost all locations. 

There is usually only one diode available in a battery receiver, and this severely 
restricts the a.v.c. design as it makes delayed a.v.c. impossible. The most satis- 
factory compromise is probably to apply a fraction (say one third) of the developed 
a.v.c- voltage to the first and last controlled stages (unless the first valve is a r-f am- 
plifier which may take full a.v.c. without increased signal-to-noise ratio) and full 
a.v.c. to the intermediate one. The small amount of a.v.c. on the input stage mini- 
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stage it allows larger signals to be handled without overload. The middle stage has 
no effect on the noise, handles only small signals, and consequently can do most of 
the gain controlling. 

A.V.C. design affects high tension current consumption and if too small a fraction 
of the developed a.v.c. voltage is used, current will be wasted when a local station is 
tuned. 

Bias for the output valve is usually obtained from a back-bias resistor in dry battery 
operated receivers. Receivers have been made in which the voltage developed across 
the oscillator grid leak has been used for this purpose (with suitable decoupling) but 
if the A battery voltage falls more quickly than that of the B battery, the output valve 
is operated in an underbiased condition and draws excessive B current. 

Separate C batteries have also been used, but the difficulty of discharging the C 
battery at the proper rate has led to the popularity of back biasing, in which the voltage 
remains approximately optimum throughout the B battery life. 

When a back-bias resistor is used it should be effectively by-passed to audio fre- 
quencies, otherwise a-f voltages developed across the resistor are applied to the plate 
circuits of the i-f and perhaps oscillator valves. This may cause instability as a re- 
ceiver is being tuned to a station. 

Another advantage of back biasing is that if B+ is short circuited to the valve fila- 
ments, the bias resistor restricts the current to an amount which will not damage the 
valves. With a 500 ohm resistor and a 90 volt supply the current is 180 mA, whereas 
even a four valve receiver normally draws 250 mA from its filament battery. 

When a battery receiver is turned off, the B supply voltage does not disappear as 
in the case of an a.c. operated receiver. The filament voltage being turned off stops 
the valves from passing current but small leakage currents (for instance, through con- 
densers) have merely to flow through another series leakage — that of the B supply 
switch. Particularly in humid conditions, the resistance between switch contacts 
may be only of the order of tens of megohms and the uninterrupted current which 
flows can lead to electrolysis of fine wires and consequent open circuits. 

Unless precautions are taken, the fine wire of the output transformer primary is 
particularly susceptible to this trouble, leakage occurring between the primary (con- 
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nected to B+) and the core (connected to chassis), and interwound coils with one 
wire earthed and the other connected to the B supply also give trouble. 

Output transformer electrolysis can be prevented by connecting the primary wind- 
ing to the core and isolating the assembly from the chassis, for instance in a pitch 
filled container. 

Interwound coils have a satisfactory life if they are baked to remove moisture and 
then impregnated and flash-dipped in a moisture resisting wax or varnish. 

In designing battery receivers it is important to check power output, sensitivity 
and oscillator grid current with reduced voltages and with many valves. A large 
number of valves is required because no tests are made by valve manufacturers at 
voltages as low as those commonly employed by receiver designers as the " end of 
life " point. 

For battery converter problems see Sect. 3(vi). 

(ii) Vibrator-operated receivers 

Chapter 32 deals with the design of vibrator operated power supplies. Receivers 
to operate with such supplies have some associated problems, mosdy concerned with 
the elimination of r-f and a-f interference from the vibrator unit. 

Separation of all vibrator circuits from the receiver is essential if hash is to be satis- 
factorily eliminated. If for instance various parts of the vibrator circuit are earthed 
at different places in a receiver chassis, interference can occur which no amount of 
filtering will remove. The correct method is to earth all vibrator by-passes and 
earth returns at one point and connect the lead from the battery to the same point. 

The same principles apply to a-f interference. It is assumed that adequate filter- 
ing is used in the B supply so that interference from that source is negligible. Even 
under these conditions, vibrator noise can be troublesome and the first source is the 
battery itself. Although the internal impedance of a battery is very low it is not 
negligible, and the pulses of current drawn by the vibrator set up voltages across it 
which are applied to the filament of the a-f amplifier and result in noise from the loud- 
speaker. 



Fig. 35.18. Filament circuit of 

vibrator-operated receiver. 
Any output valve with 100 mA 
filament current could be used in 
place of the 154 {e.g. 3Q4, 354 
or 3V4 with parallel filament 
connections). 
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A cure is an iron-cored choke between the positive battery terminal and the fila- 
ments of the valves, which are normally connected in series-parallel. A large (500 /*F) 
condenser is usually required in addition to the choke, and receivers with high a-f 
gain may need two condensers. A typical circuit is shown in Fig. 35.18. With the 
reduced filament drain of 1.4 volt valves it is possible in some cases to do away with 
the iron-cored choke and use a resistor. When used with a 6.0 volt battery the fila- 
ment voltage for each valve should be 1.3 volts so that a dropping resistor of 21 ohms 
would be required in place of the iron cored choke shown in Fig. 35.18. Where two 
large condensers must be used in any case the resistor usually has sufficient impedance. 

Even when the filtering (due to the electrolytic condensers and choke or resistor) 
is adequate, serious buzz can still occur. In Fig. 35.18 two leads are taken from each 
battery terminal, and the vibrator and filament circuits are entirely separate. How- 
ever it sometimes happens that two switches cannot be used and a common switch 
section and negative battery lead must be used. This will introduce some buzz 
although the degree will depend on the a-f sensitivity and the value of the mutual 
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impedance. An undesi-able feature is that the interference may vary each time the 
switch is operated and may become progressively worse with age as the contact re- 
sistance of the switch increases. 

If the a-f gain is high, even the common impedance of a fuse may cause trouble 
and in some cases only the vibrator circuit is fused for this reason. 

The electrolytic condensers are also useful in preventing coupling between the 
filament circuits of the various valves. However high gain receivers usually need 
additional r-f by-passes on the filament string to prevent regeneration at the inter- 
mediate frequency or to keep i-f voltages from the a-f end of the receiver. 

One undesirable feature of the circuit of Fig. 35.18 is that if any one of the 1R5, 
1S5 or 1T4 valves is removed from its socket, or if one filament becomes open cir- 
cuited, two other valves will have excessive filament voltage applied. The additional 
voltage is normally not enough to open circuit the other filaments but if the receiver 
is left unattended in this condition the valves will deteriorate rapidly. 

The resistors R u R 2 and R 3 equalize the filament voltages on the different valves. 
Since the filament string requires 100 mA and the cathode current of the 3S4 alone 
is 8.8 mA under typical operating conditions, some adjustment to the voltage across 
the filaments (in which the cathode currents flow) is necessary. However calculation 
of the values required for the various valves is not straightforward since the cathode 
current of each valve has alternative paths of different impedance. For instance in 
Fig. 35.18 the 1R5 cathode current will flow partly in the negative filament lead and 
partly in the positive, this latter current splitting into one component which flows 
through the 1S5 and another which flows through the 3S4. As a result the resistor 
values are most readily determined experimentally, and with average valves in a 
receiver and decade boxes connected where shunting resistors are needed, a few 
minutes' manipulation of the decade boxes will determine the correct values. A.V.C. 
application will affect plate currents and hence filament voltages, and the resistor 
values should be decided with an average input signal. By making slight compromises 
it is often possible to do without one or more resistors, but if this is done conditions 
should be checked with freshly charged and discharged batteries as well as at the rated 
battery voltage. 

A.V.C. design is complicated in vibrator receivers with series-parallel filament 
circuits, but satisfactory solutions can usually be obtained by means of a.v.c. voltage 
dividers returned to different potentials. For instance in Fig. 35.18, which might 
be the filament circuit of a receiver with two i-f amplifiers, the diode load would be 
returned to the 1S5 negative filament, i.e. to ground, and a.v.c. would be taken 
direcdy to the grid of the 1T4 acting as the first i-f amplifier. This is possible be- 
cause the filaments are at the same potential. However the 1R5 and second i-f 
1T4 have their filaments more positive and would be biased 1.3 volts negative if 
connected direcdy to the diode load. A solution would be to connect a two megohm 
resistor from the top of the diode load to the 1R5 and 1T4 grids, and another two 
megohm resistor from the grids to the positive side of the 1R5 filament. This would 
remove the bias from the 1R5 and 1T4 and reduce the amount of a.v.c. to these valves 
which would be desirable — see subsection (i) of this section. 

The elimination of hash from a vibrator operated receiver usually involves work 
on the power unit (Chapter 32) but some precautions in the receiver may be necessary. 
A frequent source of interference which is difficult to trace is hash picked up by the 
converter valve. A very small amount of interference in the B supply may modulate 
the oscillator and be fed into the i-f amplifier with the local oscillator injection, or 
interference on the converter filament may be troublesome. In each case the inter- 
ference receives the total receiver amplification. A separate r-f choke is often used 
for the converter filament to ehminate this trouble. 

When tracing hash, a convenient method is to connect a shielded wire, with one 
end bared, to the receiver's aerial terminal through a capacitor. The bared end of 
the wire is used as a probe and when in contact with various points in the receiver 
circuit indicates whether interference is present. The first points to check, of course, 



1272 



(ii) VIBRATOR-OPERATED RECEIVERS 



35.7 



are the incoming leads from the vibrator unit to the receiver and in general these 
should be filtered until they are quite " cold ". 

To be sure of trouble-free production runs it is advisable to work on hash elimina- 
tion until, with an aerial wrapped around the battery leads and batteryj no inter- 
ference can be heard at any frequency with the receiver operated at maximum gain 
in a screened room. 

Mechanical noise and vibration from the vibrator also present a problem. The 
high frequency noise components can readily be minimized by felt or other sound- 
absorbing material, and even the metal shielding box in which vibrators are often 
used may be sufficient. However noise at the fundamental frequency of the vibrator 
is more difficult to cure and much trouble can be avoided by using a very flexibly 
mounted vibrator socket. Each new receiver usually presents different problems 
in this respect. 

(iii) Characteristics of dry batteries* 

A knowledge of dry battery characteristics is essential in designing receivers which 
are to use the batteries to the best advantage. It is also helpful in obtaining maximum 
battery life with a particular receiver. 

The decrease in battery life caused by a receiver design which gives unsatisfactory 
performance — or none — when the battery voltage falls below certain levels is best 
illustrated in Fig. 35.19. If the average B current of a receiver is taken as 15 mA 
it will be seen that the useful life of the battery is increased from 1.16 to 1.49 ampere 
hours, an increase of 28%, by designing the receiver so that it will operate satis- 
factorily when the output of the 90 volt B battery has fallen to 60 volts, instead of 
becoming unusable when the output is 68 volts. 

It will be noticed that as the current drain in Fig. 35.19 is reduced, the output rises 
to a maximum and then falls. This is due to the fact that the batteries were dis- 
charged for 2 hours each day so that with a 10 mA drain for instance the test lasted 
for 175 days. Tests with smaller drains take longer and the effects of shelf life be- 
come more important than the decreased drain. 
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FIG. 35.19 

Fig. 35.19. Ampere-hour output versus dischorsre current for various end-Point voltages 

{Ref. 25)°. 



•Information taken from Ref. 25. 
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Fig. 35.20 shows the importance of reducing battery drain to a minimum or alter- 
natively of specifying batteries of as great a capacity as possible. As the drain is 
reduced a progressively greater amount of the battery output is made available at a 
high voltage, and as an extreme example, a 2.9 mA drain on the cell will give 83% 
of the battery's output (assuming that the cell can be used until discharged to 0.8 
volt) at a voltage greater than 1.3, whereas a 187 mA drain gives only 16% of the bat- 
tery's output at 1.3 volts or more. The curves of Fig. 35.20 were taken on continu- 
ous discharge, and with operation of say 4 hours a day the effects of shelf life would 
modify the figures obtained. 
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FIG. 3S.20 

Working voltage of No. 6 size cells during discharge through various re- 



sistances (Ref. 25). 



The main interest of Fig. 35.21 is to the user of the receiver, as it shows the effects 
of heavy battery usage in decreasing battery output. For a B drain of 15 mA and 
8 hours of use each day, each cell will give 1.13 ampere-hours output, but with 2 
hours daily usage the output rises to 1.48 ampere-hours. Thus the batteries will last 
for about 50 days with 2 hours of use, but less than 10 days with 8 hours of use. The 
effects of shelf life in Fig. 35.21 are clearly indicated at low current drain and with 
decreasing hours of discharge per day. 

An aspect of dry battery performance which is of particular importance to receiver 
designers is the increase of internal resistance of each cell as it becomes discharged. 
The resistance of a new cell can be ignored for radio purposes, as it varies from about 
one third of an ohm for small B battery cells, to one fiftieth of an ohm for large A 
battery cells. However as the battery ages, an impedance of the order of 20 ohms 
per cell may develop and for a 90 volt battery this represents a series impedance of 
1200 ohms. 

Such impedances cause coupling between circuits, and in the case of an A battery 
may cause instability due to coupling between different i-f stages or between i-f and 
a-f stages. The remedy is an adequate by-pass (0.5 pF may be necessary) across the 
filament circuit, and the necessity for this should be tested with a discharged battery 
during design. Impedance in the B supply circuit can cause trouble between almost 
any pair of stages (including the oscillator) in the receiver. An electrolytic condenser 
in parallel with a r-f by-pass (0.1 /uF) is commonly used to avoid this trouble. 

The only completely satisfactory method of testing a receiver for performance with 
discharged batteries is to use a set of batteries which has been used normally until 
the voltage has fallen to the required level. Accelerated rates of discharge do not 
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Fig. 35.21. Ampere-hours output versus discharge current for various operating cycles 

(Ref. 25). 

produce such a high internal resistance. Noise will sometimes be encountered with 
a discharged battery unless a large by-pass is connected in parallel with it. 

The effect of temperature on dry cells is very marked. At high temperatures the 
deterioration of unused cells is rapid and tests have shown that batteries stored for 
one year at 104°F. have deteriorated more than similar batteries stored for five years 
at 48 °F. Small cells have a shorter shelf life than large ones stored under the same 
conditions. 

The reasons for the increased rate of deterioration at high temperatures are in- 
creased moisture loss from the electrolyte, and increased chemical activity in the 
battery. This latter effect is beneficial when the battery is actually in use and a 
battery discharged in a comparatively short time at 100 °F. has been found to give 
140% of the output of a similar battery at 70 °F. At 40 °F. the output fell to 48% 
of the output at 70 °F. 

When testing batteries it is important to realise that there is no relationship be- 
tween the current delivered by a dry cell on a short circuit amperage test and the 
service capacity of the cell. On the other hand the working voltage of a dry cell does 
decline progressively as the cell becomes exhausted, so that a voltage test under normal 
load is a good indication of a battery's condition. The voltmeter used should have a 
resistance of not less than 100 ohms per volt for single cells or 1000 ohms per volt for 
B batteries. The current drawn by lower sensitivity meters may lead to a lower 
voltage indication than actually occurs in use. 

In some types of portable receivers which can be used with dry batteries or an a.c. 
power supply the dry batteries can be charged during a.c. operation or while the re- 
ceiver is not in use. This is claimed to increase the service obtainable from the dry 
batteries although the degree of improvement depends on the conditions of use. It 
is important that the charging current should not be excessive. Further information 
is available in Refs. 56 and 57. 



35.8 CAR RADIOS—® INTERFERENCE SUPPRESSION 1275 

SECTION 8 : CAR RADIO 

(0 Interference suppression («) Circuit considerations (in) Valve operating con- 
ditions. 

(i) Interference suppression 

The main problem in car-radio design is the suppression of interference from the 
car and from the power supply of the receiver. Ignition interference is the more 
troublesome, and while there are methods of suppression which apply in all cases any 
particular installation is liable to present problems of its own. 

One theory as to the mechanism by which interference is produced is that each 
spark causes oscillatory currents in the ignition leads covering a wide band of fre- 
quencies. The spectrum is propagated from the ignition lead which acts as an aerial, 
and the receiver amplifies those frequencies to which it is tuned. See Ref. 10 for a 
comprehensive survey of reports on the nature, measurements and suppression of 
ignition interference. 

Another possible mechanism has been described in Ref. 1, although objections to 
it are brought forward in Ref. IOC. This conception of interference generation is 
that the radiated field is an impulse which is short compared with the period of the 
carrier frequency up to frequencies of hundreds of megacycles. Each burst of inter- 
ference heard is thus the impulse response of the receiver and its aerial, so that the 
interference is more dependent on the bandwidth of a receiver than on the frequency 
to which it is tuned, although of course the signal received will vary in amplitude with 
large variations in frequency. 

In addition to ignition noise, interference is caused by the brushes on the generator 
but this is readily removed by by-passing. Special suppression capacitors are avail- 
able of 0.5 j*F capacitance, 200 volt working, encased in a metal can to which one 
side of the capacitor is connected. 

Methods of dealing with the majority of straightforward interference suppression 
problems are given below (Ref. 60). 

(a) Cut the high tension lead connecting the ignition coil to the centre of the dis- 
tributor head as close as possible to the distributor head and screw the two ends of 
the leads into a resistor suppressor. Suitable suppressors consisting of a carbon 
resistor of 15 000 ohms with facilities for attaching the two leads are available com- 
mercially. 

(b) Connect a suppression capacitor to the point where the receiver low tension 
cable is connected to the car's low tension system, with the metal case clamped to the 
chassis. 

(c) Clamp the metal case of another suppression capacitor to the generator housing 
and connect the lead to the generator armature-terminal. The capacitor must not 
be connected to the generator field-terminal. In American cars the correct terminal 
is usually the larger one. 

In most English cars the armature terminal is not accessible on the generator and 
the suppression capacitor should be connected in such cases to the " D " terminal 
on the voltage distribution channel. 

If trouble is still experienced the following points should be investigated. 

(d) See that the distributor contacts and spark plug points are clean, in good con- 
dition and correctly adjusted. Replacements may be needed. 

(e) If the engine is rubber mounted a bond may be necessary between the engine 
block and the chassis. This bond should be a piece of flexible copper braid not less 
than £ in. wide and as short as possible, although allowing for engine movement. 

(f) See that the low tension leads do not come close to any of the high tension wiring. 
In some cars it may be necessary to remove the low tension wires from channels pro- 
vided for the spark plug leads. 

(g) Make sure that there is a good connection between the ignition coil can and the 
engine block. 

(h) Bond all oil pipes, bowden cables, etc., to the bulkhead as they pass through to 
the driving compartment. 
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(i) Try the effect of bonding various parts of the bodywork to the bulkhead or 
engine block with f in. copper braid. It sometimes happens that a large section of 
metal, for example a mudguard, is insulated by rubber or fabric beading, or even by 
paint, from the rest of the body. Bonding of such sections may eliminate inter- 
ference. 

(j) By-pass separately the various electrical components of the car, such as the horn, 
ignition switch, windscreen wiper motor, petrol pump, head lights, dome light, park- 
ing lights, petrol gauge, electric clock, etc. 

In fitting the various units of the radio itself it is necessary to remove some paint 
from the metal to make sure that the unit is electrically earthed. 

Occasionally trouble is experienced from wheel and tyre static. Graphite grease 
in the wheel bearings, may be sufficient to effect a cure, but in some cases spring 
contacts bearing on the wheel hub have been used. 

(ii) Circuit considerations 

The main requirements for a car radio are high sensitivity, high signal-to-noise 
ratio, good a.v.c, high a-f output, compactness, the ability to withstand vibration, 
and mechanical flexibility for installation purposes. 

The first four items have almost standardized the design into the form of a receiver 
with r-f, converter, i-f, a-f and output stages. Such a combination allows the re- 
ceiver sensitivity to be limited only by the noise in the first stage — which is desirable. 

The high over-all sensitivity (1 /xV input for 0.5 watt output is not uncommon) 
causes high a.v.c. voltages to be developed with comparatively small inputs so that 
strong a.v.c. action is available even when signals fade to very low levels. The a.v.c. 
diode load is often returned to a source of bias for the r-f and i-f amplifiers so that 
a delay of two or three volts is obtained and this flattens the a.v.c. characteristic even 
more, after the delay has been overcome. The a-f sensitivity is adequate to allow 
full output. 

When full a.v.c. is applied to the r-f stage a check should be made from Scroggie's 
curves — Sect. 3(i) of this chapter — to see that the noise from the first valve does not 
become comparable in size with that from the input circuit and so affect the signal- 
to-noise ratio. 



FIG. 3S.22 




Fig. 35.22. Car-radio 
aerial input circuit. 



The design of the aerial input circuit is very important in a car radio, because of 
the small effective height and physical size of the aerial itself. Different aerials may 
be used with the receiver, but telescopic types with a capacitance of about 50 fifiF 
are commonly assumed. One of the most popular circuits is shown in Fig. 35.22. 
L, is a choke consisting of a few spaced turns of thick wire, resonant at about 40 Mc/s. 
It is used to minimize incoming ignition interference without seriously affecting the 
desired signals. L 2 is the aerial coil primary, which is arranged to resonate with the 
aerial and the rest of the circuit outside the low frequency end of the required band. 
However the resonance is kept as close to the band as possible without introducing 
too much mistracking between the aerial and r-f circuits, in order to obtain the maxi- 
mum possible gain at the low frequency end of the band. 

The capacitor C, is from 50 to 100 ppF in a typical case, and provides capacitance 
cou n ling to improve the sain at the hi°h freouency end of the band. L* is tapped at 
from one quarter to one third of the total number of turns from the cold end. Coup- 
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ling between L 2 and L 3 usually approaches 20%. The Q of L a must be as high as 
possible and iron cores are commonly used. Q values in air as high as 250 at the maxi- 
mum point in the band have been used, and a gain of from 8 to 10 is obtainable over 
the band with such a coil mounted in the chassis. Gain is measured with the output 
of the signal generator connected through a 50 iiyip capacitor to the aerial end of the 
shielded input cable. Noise figures obtainable are of the order of equal noise and 
power output when the input signal is from 0.3 to l.Q fiV, 30% modulated. 

A series trimming condenser (say 50-350 /A/iF) is sometimes used between the 
spark coil and the aerial primary so that the aerial coil can still be tracked with the 
r-f coil even when a high capacitance aerial is connected to the receiver. 

Power supplies for car radios are vibrator operated, using either synchronous or 
non-synchronous types. The non-synchronous system has the advantage of 
keeping a constant output polarity when the input polarity is reversed, so that the 
lack of uniformity between car manufacturers as to positive or negative grounding 
of the battery becomes unimportant. Non-synchronous systems also have fewer 
troubles from vibrator hash in the receiver and are generally assumed to be more 
reliable in operation but of course they are more expensive, since a rectifier must be 
provided, and consume more current if a hot cathode type of rectifier is used. 

In the elimination of interference either from the vibrator or from ignition noise 
in a car radio, " spark plates " are often used. These are by-pass capacitors using the 
chassis as one plate, a thin sheet of insulating material, preferably mica, as the di- 
electric and tin-plate or brass as the other plate, the assembly being'eyeletted together 
with suitable insulating washers. Because components are soldered direcdy to the 
top plate and the bottom plate is the chassis, the series inductance of such a capacitor 
is very small. It has been recommended that incoming leads should be soldered to 
one end of a spark plate and outgoing leads to the other end. Capacitances between 
10 and 200 /x/zF are commonly made up in this way. 

Because of the intense ignition interference field it is often necessary to filter all 
leads coming into the receiver. Tone control leads and even loud speaker leads may 
need by-passes or series chokes to eliminate interference. 

The effects of vibration must be considered in car radio design. Reliable air 
dielectric trimmers are more stable than compression mica types, but need to be 
sealed after alignment. Large paper capacitors need to be held by means other than 
their own leads, and smaller components must be mounted so that they cannot 
vibrate on their leads. Older types of valves, such as G types and others of similar 
size can give trouble through falling but of their sockets under the influence of vibra- 
tion, particularly when mounted horizontally. For this reason and for the extreme 
compactness which they allow, miniature valves are well suited for car radio designs. 

(iii) Valve operating conditions 

Valves in car radios are subjected to heater voltages outside both the top and bottom 
limits specified by valve manufacturers. Extremes of perhaps 8.0 and 4.5 volts may 
be encountered with the battery on charge and fully charged, and off charge and dis- 
charged. 

Excessively high heater voltages reduce valve life by evaporating the coating from 
the cathode, and care should be taken to see that plate or screen dissipations do not 
exceed valve manufacturers' ratings under any anticipated working condition, par- 
ticularly as the ambient temperature inside the car radio is likely to be very high at 
times. 

When heaters are operated at excessively high voltages it is possible for 
control grids to rise to a temperature at which grid emission takes place. To reduce 
the effects of this grid emission current, it is advisable to use the lowest convenient 
values for output valve grid leaks and a.v.c. series resistors in car radios. 

When the supply voltage is very low, the receiver loses sensitivity and power output 
but remains usable so long as the oscillator operates. To guard against oscillator 
stoppage a new design of receiver should be checked with a large number of valves 
including some with low oscillator grid current under normal operating conditions. 
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Since valves are only tested by manufacturers to the recommended voltage limits, 
there is no guarantee of uniformity of operation between valves at voltages outside 
those limits 



SECTION 9 : MISCELLANEOUS FEATURES 

(*') Spurious responses («) Reduction of interference (uV) Contact potential biasing 
(iv) Fuses (v) Tropic proofing (vi) Parasitic oscillations (vii) Printed circuits 
(viii) Other miscellaneous features. 

(i) Spurious responses 

With a superheterodyne receiver, several types of signal can be received which 
do not originate in stations broadcasting on the frequency to which the receiver is 
tuned. The signals are not necessarily objectionable of themselves, but owing to 
the congested condition of the broadcasting band, almost any spurious signal will 
interfere with a true signal. These spurious responses are due to several causes which 
are listed below. 

(a) Harmonics of a station operating at a lower frequency. 

(b) Two stations broadcasting on frequencies separated by the intermediate 
frequency of the receiver. 

(c) A station broadcasting on the image frequency of a desired station. 

(d) A combination of local oscillator harmonics with other signals or harmonics. 

(e) Feedback of intermediate frequency harmonics. 

(f) A station broadcasting on the intermediate frequency of the receiver. 
Interference of type (a) will be received by any receiver of sufficient sensitivity 

and cannot be minimized in the design of a receiver. 

When type (b) interference is experienced, the two stations will be heard together 
over two bands of frequencies centred on the frequencies of each of the stations. 
The interference continues even when the local oscillator is stopped. Since it is 
necessary for the two signals to be present at the grid of the frequency changer for 
the interference to be troublesome, selectivity before this point is required to eliminate 
it. Alternatively the intermediate frequency of the receiver can be altered to a fre- 
quency at least 10 Kc/s removed from the difference frequency. 

Type (c) interference can be cured by adequate signal frequency selectivity, and 
is the main reason for this selectivity. Particularly in the short-wave range of dual 
wave receivers is trouble experienced (although not always recognised) from this 
source, and it is so prevalent that the signal frequency selectivity of a receiver is always 
expressed as its image ratio. 

Methods of calculating image ratio are given in Chapter 23 Sect. 4(ii) for coils 
without capacitance coupling. To obtain the full calculated rejection, particularly 
at the high frequency end of a band, it is necessary to reduce to a minimum all coup- 
lings other than that by mutual inductance. Separation of circuits and earthing at 
one point for each circuit will be found beneficial when high gain is used. Capacitance 
coupling must be particularly avoided. Ref. 21 (pp. 225-237) gives circuits which 
increase image rejection. 

There are many possibilities of type (d) interference but it is not a major problem 
in most receiver installations. Nevertheless it is advisable to restrict oscillator grid 
current to a minimum, consistent with other requirements, to minimize this source 
of interference. 

Feedback of intermediate frequency harmonics can occur through B supply, a.v.c. 
or other wiring, or by means of voltages induced into the converter input circuit 
from the second detector, or any part of the a-f amplifier. The feedback may be 
sufficient to cause actual instability or merely an annoying heterodyne on stations 
adjacent in frequency to the harmonics of the i-f. Shielding and perhaps decoupling 
or an r-f by-pass in the a-f circuit readily remove the trouble. 
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Interference from a signal on or near the intermediate frequency continues when 
the local oscillator is stopped and becomes progressively worse as the receiver tuning 
approaches the intermediate frequency. It is seldom encountered in superheterodynes 
with a tuned r-f amplifier, but receivers with an untuned r-f amplifier or with none 
usually have very poor i-f rejection at frequencies lower than 600 Kc/s. 

A method of plotting interference signals is given in Ref. 21, Part 1, page 201. 
An example of the estimation of the interference to be expected in a given set of con- 
ditions will be found in Ref. 53. 

(ii) Reduction of interference 

There are two main methods of minimizing the effects of external noise on radio 
reception. The first is by the use of noise limiters in the receiver (Chapter 16 Sect. 7 
and Chapter 27 Sect. 5) and this method is equally applicable whether the noise is of 
man-made or natural origin. The second method consists of using filters and noise- 
reducing aerials and is only applicable to noise from man-made sources. 

Most mains operated receivers receive appreciable r-f inputs from the supply lines, 
and when noise is troublesome the ratio of signal to noise is often much lower in the 
mains than in an aerial. This occurs when the source of interference is connected to 
the power supply and induces interference into the mains wiring. In such a case 
filtering of the mains leads can give a substantial improvement in signal-to-noise ratio. 

An electrostatic shield between primary and secondary windings of the power 
transformer is the most common method of treatment. Methods of incorporating 
such a shield in the power transformer are described in Chapter 5 page 233, The 
alternative method (b) of winding the earthed low voltage filament between primary 
and secondary, due to its inductance, is probably less effective than the normal 
shield (a). 





Fig. 35.23. Interference from power- 
supply induces noise into input circuit _ 

of receiver. ' f J Receiver awwa f' f ) 

Noise Current! 



By-passing of the incoming mains leads to the chassis, with or without series in- 
ductors, is often used to reduce interference. Fig. 35.23 shows that this method is of 
limited use, depending on the impedance between the receiver chassis and ground. 
Noise currents represented by arrows flow from mains to chassis and from chassis 
to ground, thus setting up a noise voltage on the chassis relative to ground. This 
voltage causes another noise current to flow through the primary of the aerial coil 
and the capacitance of the aerial to ground, and thus a noise voltage is induced in the 
aerial coil secondary and applied to the first valve of the receiver. 

The fact that interference stops when the aerial is removed from the receiver is 
not proof that the noise is picked up by the aerial. If the aerial were removed in 
Fig. 35.23 the interference would stop because the path to ground through the aerial 
primary would be removed, but the noise source is the supply mains. 

Figure 35.23 indicates how improvements in noise reduction can be made. Firstly, 
if the earth lead for the mains by-passes is separated from the receiver earth, the noise 
potential between chassis and ground is eliminated. The separation needs to be more 
than electrical, as if two wires were close to each other the noise currents in the filter 
earth would induce noise currents in the receiver earth. 

Secondly the incoming noise currents can be considerably reduced by using a r-f 
choke in series with the mains leads before the first by-pass to increase the impedance 
of the path. This will reduce the noise voltage between chassis and ground, but 
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increase the noise voltage between mains leads and ground, and the capacitance be- 
tween mains and aerial leads may lead to increased noise from this source. 

A third possibility is the use of a balanced aerial coil primary connected to the ends 
of a symmetrical lead-in from the aerial. When the two ends of the primary are 
balanced with respect to capacitance to chassis (a small trimmer can be used on either 
side of the primary if found necessary to give the greatest noise reduction) then noise 
currents flowing from receiver chassis to ground through the aerial capacitance do 
not give rise to noise voltages in the aerial coil secondary or the remainder of the re- 
ceiver. An electrostatic shield can be used between primary and secondary as an 
added- precaution against electrostatic asymmetry between primary and secondary 
windings. 

The symmetrical lead-in can be terminated at the aerial end in another transformer 
coupling it to the aerial, in a dipole, or aerial and counterpoise or the lead-in may be 
merely a two wire feeder with one end extended to form the aerial. In any of these 
cases additional noise reduction can be expected from the fact that the aerial proper 
can be placed at some distance from the power supply mains or any other known 
source of interference, e.g., it can be removed as far as possible from, and placed at 
right angles to, tram lines. 

Before proceeding with elaborate noise reduction methods it is advisable of course 
to make sure that the receiver itself is not picking up noise directly. In strong fields 
large voltages are induced into grid leads and under-chassis wiring, and complete 
shielding of the receiver proper may reduce interference without other assistance, 
or it may be essential if the full benefit of more elaborate methods is to be obtained. 

In-built aerials on mains operated receivers usually work on the principle of pro- 
viding an earth return for signals coming from the mains, in some cases as shown 
in Fig. 35.23, and in other cases with a capacitance between mains and aerial terminal, 
and the receiver chassis providing, through capacitance or direct connection, the 
return to ground. In the first case the requirement for the " aerial " is merely the 
largest possible capacitance to ground, and a ground connection to the chassis should 
reduce the signal input. In the second case an earth connection should improve 
signal strength as the current through the coil will be increased. 

Even when a mains-operated receiver is equipped with an in-built loop aerial, 
some of the signal input is due to the capacitance effect of the loop as a whole. A 
mains filter may improve the signal-to-noise ratio in such a case, but with the other 
two types of in-built aerial a mains filter will reduce the signal and noise by the 
same amount leaving the ratio unchanged. 

(iii) Contact potential biasing 

Electrochemical activity between the electrodes of a valve produces potential 
differences without the application of external e.m.f 's. The effect is most noticeable 
on grids and diode plates since their " contact potential " may be of the same order 
as potentials applied from other sources. The effective bias depends on the surfaces 
of the two electrodes and the impedance connected between the respective valve pins. 
The control grid contact potential will vary with different types of valves, with 
different valves of the same type and with age in a particular valve. 

In practice, control grid and diode contact potentials are found in indirectly- 
heated valves to vary between— 0.1 and — 1.1 volts with different types of valves, and 
the contact potential of a particular valve may vary as much as 0.4 volt during life. 
Because of this, the contact potential of valves has a restricted application as a source 
of bias, but it can be satisfactory if its limitations are borne in mind. 

The two types of contact potential bias are " grid leak bias " of a-f amplifiers and 
" diode bias " of i-f and other amplifiers. Some valve types which are likely to 
be used with grid leak bias e.g. Radiotron types, 6B6-G, 6SQ7-GT, and 6AV6, 
are given a 100% production test for grid leak bias by Amalgamated Wireless Valve 
Co., under conditions sufficiently severe to ensure that any change of characteristics 
during valve life will not affect their performance. These types can be recommended 
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for this type of service provided that the plate current is restricted to a maximum of 
1 mAj the grid leak is 5 megohms or larger (2 megohms can be used with a small signal 
input but distortion should be checked) and the output required is not greater than 
25 V rjn.s. Under these conditions less distortion can be expected from grid leak 
bias than from cathode bias (Ref. 43). 

Pentode valves have more critical bias requirements when used as. low distortion 
resistance coupled a-f amplifiers and because of this are not so suitable for grid leak 
biasing. However when used with a series screen resistor of high value and com- 
paratively small a-f inputs they can be satisfactory, and remove some of the hum 
problems from fairly low-level a-f amplifiers since there is no bias supply to be 
filtered, and the cathode is at ground potential so that heater-cathode conductance 
is not troublesome. 

Diode biasing finds its main application in minimum cost 5 valve (4 valve plus 
rectifier) receivers. A.V.C. is applied to the i-f and converter valves directly from 
the diode plate of the second detector, the diode load and the cathode of the i-f am- 
plifier being returned to ground. Under these conditions the contact potential of 
the diode is the only bias applied to the i-f amplifier, and its screen voltage is adjusted 
to keep plate and screen dissipations within tolerances. The converter may need 
additional bias, obtained from a cathode resistor and by-pass, depending on the type 
used. 

A trouble which occasionally occurs with this circuit is that the diode bias is too 
small, the i-f valve draws grid current, and its reduced input impedance damps the 
i-f transformer sufficiently to cause a serious drop in sensitivity with small inputs. 
As the input is increased, the additional i-f bias from the a.v.c. line restores the sensi- 
tivity to normal so that over a small range of input signals the receiver output in- 
creases much more rapidly than the input. A receiver with this defect may show 
poor sensitivity for 50 mW output, but normal sensitivity for the larger signal re- 
quired to give 0.5 watt output as recommended by the I.R.E. " Standards on Radio 
Receivers, 1948." 

Additional methods of using contact potential for bias are given in Ref. 44. 

(iv) Fuses 

Commercial A-M receivers rarely incorporate a fuse owing to the difficulties in- 
volved in providing a satisfactory one. The peak current in the primary of the power 
transformer when a receiver is switched on may be twenty times the average current 
for a time not exceeding 0.01 sec. This occurs during normal operation, but on the 
other hand a fault resulting in twice the normal primary current over a period of time 
may lead to transformer breakdown. 

Since a normal cartridge fuse will blow within 0.01 sec. with five to ten times its 
rated current applied, a fuse of four times the rated current of a receiver would be the 
smallest value which could be used. Such a fuse would probably not fail immediately, 
even with a complete short circuit on the whole high tension winding of a receiver, 
and would be almost useless. 

Two types of fuse which can be used satisfactorily under such conditions have been 
described (Ref. 30). The first consists of the normal glass cartridge and ends, con- 
taining in series a small spring soldered under tension to a fine manganin resistance 
wire by means of a blob of low temperature solder (e.g. Wood's metal). A prolonged 
overload produces enough heat in the resistance wire to melt the solder and allow 
the fuse to clear, but the thermal inertia of the mass of solder protects the fuse against 
short duration surges. With a severe overload the resistance wire clears almost 
instantaneously. An advantage of this type of fuse is the low temperature required 
for operation — of the order of 100 °C compared with perhaps 900 °C for a normal 
type of fuse. 

Another fuse has been made consisting of a high melting point nickel wire with 
blobs of magnesium powder in a binding varnish supported on it. Once again the 
thermal inertia of the blob allows short duration surges to occur without damage, but 
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a prolonged overload raises the magnesium powder to ignition point (about 500 °C) 
and the fuse clears. 

A different type of protection has been used in other types of receivers. This 
consists of an insulated strip of metal with high heat conductivity which is included 
in the power transformer during winding. One end of the strip projects outside the 
winding and to this a small stirrup is soldered with very low melting point solder. 
A spring engages in the stirrup under tension and the primary current to the whole 
receiver passes through the assembly. Any overheating of the power transformer 
melts the solder and the spring disconnects one side of the mains from the receiver. 
Such a device might not protect a low impedance rectifier from damage if the input 
condenser were to break down, but it could save the power transformer and would 
certainly prevent a fire. 

A heat-operated overload cut-out is described in Ref. 65. 

See also Chapter 38 Sect. 12 for general information on fuses, and Table 55. 

(v) Tropic proofing 

Tropic proofing has been the subject of a large amount of investigation (Ref. 40). 
However many treatments described are not applicable to commercial A-M receivers 
— even if only because of expense — and in any case are not required for equipment 
which, although in the tropics, is to operate inside a home. 

For " commercial tropic proofing " the following points might be taken as a mini- 
mum requirement : — 

(a) Good quality resistors, derated to dissipate no more than two thirds of the 
manufacturer's rating. 

(b) Good quality paper capacitors, preferably sealed in glass, but at least moulded 
in some non-hygroscopic composition, with particular care (non-cracking wax or 
varnish sealing for instance) against ingress of moisture along leads. Voltage rating 
to be at least twice that experienced under working conditions. Mica capacitors 
to be used in positions critical to leakage e.g. a-f coupling capacitors, or a.v.c. by-pass 
capacitors. 

(c) Mica capacitors in tuned circuits to be of silvered mica type, flash-dipped in 
non-hygroscopic wax or varnish. 

(d) Trimmers to have air dielectric. 

(e) Power transformer to be moisture proofed, preferably by baking and vacuum 
impregnation with bitumen, or with a varnish which can be made to set satisfactorily 
right through the winding (this must be checked). Failing vacuum impregnation, 
pitch sealing can be used providing good penetration is obtained. Penetration is 
assisted by baking the transformers, standing them on edge with the top of the wind- 
ing just above the surface of the pitch immediately after baking for perhaps half an 
hour, and then lowering the whole transformer below the surface in the same position 
and leaving for another quarter hour. The transformers can then be drained. 

(f) A-F transformers and chokes to be vacuum impregnated and to have the core 
connected to the winding, the whole assembly being isolated from the chassis. 

(g) Coils to be wound on moulded or ceramic formers and baked, impregnated 
(preferably under vacuum) and flash dipped in non-hygroscopic wax. 

(h) Very fine wire to be avoided ; 36 A.W.G. is a suitable minimum size. 

(i) Hook-up wire to be covered only with good quality rubber of low sulphur con- 
tent, or P.V.C. 

(j) All corrodible metals to be suitably treated, e.g. steel to be well and heavily 
plated (and lacquered where possible), aluminium to be anodised if possible or chro- 
mate dipped in such places as gang plates, brass to be plated. Die castings and readily 
corrodible metals, such as zinc, to be avoided. 

(k) Plywood to be urea-bonded. 

(1) Good quality micarta to be used for lug strips, wavechange switch wafers, etc. 
Micarta to be baked and vacuum impregnated in non-hygroscopic compound where 
possible. 

(m) All fungus-supporting media such as cloth and other organic materials to be 
avoided as far as possible and fungus and moisture proofed if used. 
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(n) Wiring to be arranged as far as possible to minimize the effects of leakage e.g. 
B+ and a.v.c. not to be wired to adjacent lugs on a lug strip, etc. 

(o) All-glass valve types to be used to avoid losses in moulded insulating material, 
together with high quality valve sockets. 

(p.) Ceramic insulation to be used in the tuning gang if possible. Micarta — if used 
— must be baked, vacuum impregnated in varnish and rebaked. 

Additional improvements which can be incorporated include the use of ceramic 
instead of micarta for such items as lug strips, wavechange switch, and valve sockets, 
hermetic sealing for individual components (particularly transformers), hermetic 
sealing for the complete equipment with silica gel used for dehydration, and the avoid- 
ing of contact potentials in excess of a small fraction of a volt between contacting 
metals. Platings of appropriate metals can be used to minimize potential differences 
between adjacent metal surfaces. 

See also Chapter 1 1 Sect. 7 for tropic proofing of coils. 

(vi) Parasitic oscillations 

The high slope of modern valves makes them particularly liable to generate parasitic 
oscillations unless suitable precautions are taken. In a radio receiver, a power output 
stage employing a high slope valve is the most probable cause of trouble, which may 
show up as a continuous " frying " noise, as an irritating " buzz " perhaps only on 
loud passages, or merely as reduced output with distortion. 

Parasitic oscillations often occur at frequencies of the order of 100 Mc/s with leads 
from valve sockets forming resonant circuits and with a feedback path provided by a 
few micromicrofarads of capacitance between plate and grid circuits. In such a 
case a suitable remedy is a non-inductive resistor (say 50 000 ohms, £ watt, carbon) 
wired directly to tue grid pin. This increases tht 
to such an extent that oscillation is not possible. 

Because the placing of wires is liable to vary between receivers, oscillation may 
occur only in some receivers of a production run, but it is normal practice to provide 
a grid stopper in each set to avoid rejects. In extreme cases it may also be necessary 
to use stoppers in screen grid or plate circuits, but the values must be much smaller 
to avoid excessive d.c. voltage drop. 

Valves other than high slope output valves can be troublesome, and in one instance 
some of a production run of receivers having i-f amplifiers with bare tinned-copper 
leads a few inches in length connecting the grid and plate pins to the i-f transformers 
were found to be oscillating at a frequency in excess of 200 Mc/s, The trouble 
showed up as poor i-f sensitivity with high noise level, and was cured by wiring the hot 
side of the i-f trimmer directly to the valve socket, thereby including the inductance 
of the lead to the transformer in the i-f tuned circuit. 

The best test for parasitic oscillation in an a-f amplifier is to examine with an os- 
cilloscope the output waveform with the amplifier driven from zero input to overload 
at various frequencies. Oscillation may be shown as a thickening of the trace over 
part or all of the cycle or by a higher frequency superimposed on the correct trace. 
In the absence of an oscilloscope, unusual or varying plate current in an output valve 
may be taken as an indication of oscillation particularly if the plate current can be 
varied by moving the hand near the valve. 

Additional details on parasitic oscillations are given in Ref. 52. 

(vii) Printed circuits* 

Printed electronic circuits are no longer in the experimental stage. Introduced 
into mass production early in 1945 in the tiny radio proximity fuze for mortar shells 
developed by the National Bureau of Standards, printed circuits are now the subject 
of intense interest on the part of manufacturers and research laboratories in this 
country and abroad. 

Circuits are defined as being " printed " when they are produced on an insulated 
surface by any process. The methods of printing circuits fall into six main classi- 
fications. (1) Painting. Conductor and resistor paints are applied separately by means 
of a brush or a stencil bearing the electronic pattern. After drying, tiny capacitors 

♦Reprinted by permission of The Institute of Radio Engineers from Ref. 38. 
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Fig. 35.24. Positive feedback circuits for eliminating cathode bypass capacitors 

(Ref. 51). 

and subminiature tubes are added to complete the unit. (2) Spraying. Molten 
metal or paint is sprayed on to form the circuit conductors. Resistance paints may 
also be sprayed. Included in this classification are an abrasive spraying process and 
a die-casting method. (3) Chemical deposition. Chemical solutions are poured 
onto a surface originally covered with a stencil A thin metallic film is precipitated 
on the surface on the form of the desired electronic circuit. For conductors the film 
is electroplated to increase its conductance. (4) Vacuum processes. Metallic con- 
ductors and resistors are distilled onto the surface through a suitable stencil. (5) 
Die-stamping. Conductors are punched out of metal foil by either hot or cold dies 
and attached to an insulated panel. Resistors may also be stamped out of a specially 
coated plastic film. (6) Dusting. Conducting powders are dusted onto a surface 
through a stencil and fired. Powders are held on either with a binder or by an electro- 
static method. 

Methods employed have been painting, spraying, and die-stamping. Principal 
advantages of printed circuits are uniformity of production, and the reduction of size, 
assembly and inspection time and cost, line rejects, and purchasing and stocking 
problems. 

See Ref. 37 for a description of the production of complete radio receivers by print- 
ing techniques. See also Refs. 38, 39, 46, 47, 61, 62, 63, 64. 

There are components which it is not practicable to produce by printing, e.g., 
electrolytic and other high value capacitors. In Ref. 51 details are given of circuit 
techniques to eliminate such components without seriously affecting performance. 

Fig. 35.24A shows a conventional two-stage triode amplifier and Fig. 35.24B a 
circuit with similar gain which does not use electrolytic capacitors. In Fig. 35.24B 
the removal of the cathode by-passes decreases gain and results in an a-f voltage 
appearing across each of the two cathode resistors. These voltages are in opposite 
phase and by adjusting the positive feedback through Rf from the cathode circuit 
of the second valve to the cathode circuit of the first valve the gain of the amplifier 
can be restored to the original level. 

Fig. 35.24C shows a practical amplifier with a voltage gain of 80 and a bandwidth 
(3 db down) of 250 Kc/s. Fig. 35.24D gives a single valve amplifier with a gain of 
1000 and a bandwidth of 100 Kc/s. Two such valves can be used in a four stage 
amplifier with a gain of one million and a volume of six cubic inches. 
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Fig. 35.25A shows a method of eliminating screen by-passes by using positive 
feedback from the plate of a following valve, while Fig. 35.25B demonstrates a screen 
regeneration circuit similar to the cathode regeneration circuit of Fig. 35.24B. 

Circuits for high frequency compensation by means of positive feedback used in 
place of compensating inductors are also given in Ref. 51. 

An analysis of a-f circuits with " cathode neutralization " will be found in Ref. 54. 





FIG. 35. 25 

Fig. 35.25. Positive feedback circuits for eliminating screen bypass capacitors 

{Ref. 51). 



(viii) Other miscellaneous features 

Synthetic bass is described in Chapter 14 Sect. 3(viii) and its application in re- 

„„.•..„_„ :_ r*i .. ie o ■. t)/:;\ 

Tone control is covered in Chapter 16. 

Whistle filters are covered in Chapter 16 Sect. 11. 
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(0 Comparison with A-M (») Aerial and r-f design (iii) Local oscillator design 
(iv) I-F amplifier (v) F-M detection and A-M rejection. 

(i) Comparison with A-M 

Many of the problems encountered in F-M receiver design are new, but the majority 
are similar to those in A-M receivers and yield to similar treatment to that described 
in Chapter 35. 

The advantages conferred by F-M are not so great that an obviously improved 
service will necessarily be available to the F-M listener unless suitable programme 
material is broadcast, and unless the receiver design makes full use of the increased 
dynamic range, frequency response and noise reduction which are possible with F-M. 

To obtain the advantages of the noise reducing properties of frequency modulation 
it is necessary to design the F-M receiver with considerable care. If this is not done 
the receiver can destroy much of the improvement obtainable. In many applications 
F-M does offer undeniable advantages over A-M but this is not true in every case. 
It should not be assumed that F-M offers a cure-all for every type of noise problem, 
and for some communication systems A-M may be superior to F-M (see Refs. 9 
and 24). 

The main differences between A-M and F-M receivers are due to the higher fre- 
quencies used for the signal, local oscillator and intermediate frequencies, the need 
for greater i-f bandwidth, the different type of detection required and the necessity 
for some form of amplitude rejection. New techniques required for the higher 
F-M signal frequency would be equally necessary for an A-M system operating on 
the same frequency. 

(ii) Aerial and r-f design 

See also Chapter 22 (Aerials) and Chapter 23 (R-F Amplifiers). 

(A) The inductance of a straight non-magnetic wire with a length much greater 
than its diameter can be obtained (Ref. 1) from the approximate formula 

L = 0.005 H23. logjo (4 l/d - 0.75)] (1) 

where L = inductance in microhenrys, 

I = length of wire in inches, 
and d = diameter of wire in inches. 

The inductance of one inch of 22 A.W.G. wire is thus 0.025 /xH, and its reactance 
at 100 Mc/s is 16 ohms, so that when laying out circuits for use at v-h-f every lead 
used must be considered as an inductance. This factor, and the reduced input ad- 
mittance of valves at v-h-f, are responsible for most of the problems in F-M receiver 
front-end design. 
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(B) Since at 100 Mc/s one quarter wavelength is only about 30 inches, it is quite 
possible to provide a tuned aerial system with F-M receivers. A type commonly 
used with console receivers is made from 300 ohm ribbon type transmission line. 
The usual arrangement is approximately half a wavelength long with the two wires 
connected together at the ends and one side cut to take the feeder. The aerial is 
tacked around the cabinet, on the back or inside, or it may be placed under floor 
coverings. 

Such aerials operate quite satisfactorily at distances up to fifteen or twenty miles 
from a transmitter in favourable circumstances, but they are too big for mantel models. 
However a " mains aerial " (or " line antenna ") consisting of a small capacitor 
between one side of the mains and the hot end of an unbalanced aerial primary can 
be used with comparable results. 

For improved results in difficult locations an outside aerial should be erected 
as a matter of course, and in all cases it is advisable to investigate the effect of slight 
changes in position or orientation of the aerial since they may make a large difference' 
to the signal strength. This is due to the fact that the dimensions of the waves are 
comparable with those of houses, rooms and even people, so that reflections occur, 
and standing waves exist which vary in amplitude with small changes in location. 
When a receiver is operated with an inbuilt aerial on low-level signals this is strikingly 
illustrated by signal strength variations being caused by reflection from people moving 
in the vicinity of the receiver. 

(C) Aerial coil design is gready influenced by the input conductance of the first 
valve, but in all cases it is necessary for the layout of the stage to be such as to include 
as much as possible of the required tuned circuit inductance in the coil. This pro- 
hibits the use of switching within the tuned circuit, and since a typical aerial coil 
secondary inductance might be 0.06 /xH (less than the inductance of two inches of 
22 A.W.G. wire) a good system is to mount the secondary coil across the tuning con- 
denser (if one is used) when no a.v.c. is applied to the input stage. If a.v.c. is used an 
assembly can be made of the tuning condenser, tuning coil and a.v.c. by-pass. In the 
usual case in which a 300 ohm transmission line is used, the main function of the aerial 
coil is impedance matching and no appreciable voltage gain is obtained. In some 
cases there may even be a slight loss. See Ref. 14 for calculation of aerial coil con- 
stants, although in the example a 75 ohm transmission line is used. 

(D) The valve used in the first stage has a considerable effect upon the signal- 
to-noise ratio of a receiver. Although the impedance* between the grid of the input 
valve and ground might be as low as say 800 ohms in a typical case, reference to 
Chapter 23 Sect. 6 shows that the equivalent noise resistance of the valve (probably 
of the order of some few thousands of ohms) is effectively in series with the input 
circuit and can thus be the most importance source of noise in the first stage. 

Also the input impedance of the first valve controls the Q (and thus the gain and 
selectivity) of the aerial coil. It is possible to increase this input impedance — or 
even make it negative — by using an unbypassed cathode resistor in the r-f stage, but 
inductance in the cathode circuit and inter-electrode and electrode-to-ground capacit- 
ances, which are not accurately known, make it difficult to calculate the value of re- 
sistor required. A convenient experimental procedure is to couple a signal generator 
to the aerial primary and to measure the voltage on the grid of the r-f valve with the 
heater open-circuited. When power is applied to the heater, the voltage on the grid 
of the valve will fall owing to its reduced (hot-cathode) input impedance. A suit- 
able value of unbypassed cathode resistor will reduce this drop to negligible pro- 
portions. 

The effect of the resistor on changes in input capacitance with changing a.v.c. 
voltage (see Chapter 26 Sect. 7(ii) also Figs. 23.15 and 23.16) should be checked before 
the value of the resistor is finalized. 

(E) The main problem with r-f stages is instability, and apart from the causes 
experienced at lower frequencies, impedances common to the input and output of the 

•See Chapter 2 Sect. 8 for valve admittances. 
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stage become particularly important. These impedances are usually inductances 
and at 100 Mc/s the inductance of the rotor shaft of the gang condenser becomes 
sufficiently important in some cases to determine the maximum gain that can be ob- 
tained from a r-f stage. This is one reason for the use of permeability-tuned signal 
frequency circuits, or of loaded resonant lines with a movable short-circuiting bar 
(Ref. 2). Other couplings can be avoided to a large extent by returning all leads from 
the input circuit to one point and leads from the output circuit to a different point. 
If two cathode leads are available in the r-f valve they should be used for this purpose. 

Coupling from output to input of the r-f amplifier can be caused by inadequate 
internal shielding due to an impedance between the screen grid and the cathode. 
This is usually due to the inductance of the leads in the screen by-pass capacitor, but 
this inductance can be put to good effect by series tuning it to the operating frequency. 
By using a small (100-500 nfiF) mica capacitor with leads as short as possible, perhaps 
i in. in all, much better by-passing is obtained than with larger capacitors. The 
actual frequency of series resonance is not particularly critical. In the case of penta- 
grid converters of the 6BE6 type satisfactory by-passing is particularly important to 
prevent undesired impedances from appearing in the oscillator circuit. 

Owing to the impedance at signal frequencies of the B+ and filament leads it may 
happen that more than one B+ by-pass is necessary. Hot spots may occur in the 
tuning range, and self-resonant by-passes (100-500 /n/i.F mica) should be tried at 
various points in B+ 3 a.v.c. and heater wiring. 

A stage gain of 10 can usually be obtained from a r-f stage without undue trouble, 
and higher gain (at least up to 15) is possible, particularly when there is no coupling 
between grid and plate circuits in the rotor shaft of a gang condenser. 

(iii) Local oscillator design 

See also Chapter 24. 

Local oscillator stability is important in a F-M receiver because much of the noise- 
reducing ability of the receiver depends on the centring of the signal on the dis- 
criminator characteristic. Detuning in excess of about 25 Kc/s can noticeably affect 
noise reduction and audio distortion (Ref. 11). On the other hand even a technical 
user of a F-M receiver can make tuning errors of this order. It is necessary therefore 
for the local oscillator stability to be of the order of 25 Kc/s in 100 Mc/s, i.e. 2\ parts 
in 10 000, if the receiver performance is to be unaffected. 

This requirement is not easy to meet and an average figure for an uncompensated 
oscillator is more like 8 parts in 10 000. By keeping heat sources away from the 
oscillator circuit and introducing compensation after all possible precautions have 
been taken, a long and short term stability of 2 parts in 10 000 is possible. 

Additional oscillator stability can be obtained by using automatic frequency control 
if the local oscillator is a separate valve, and if suitable control voltages can be ob- 
tained from the detector circuit (Refs. 10 and 21). Improvements in oscillator stabil- 
ity of five to ten times are possible, but care must be taken to see that the a.f.c. will 
allow the receiver to tune from a strong local station to a weak one in an adjacent 
channel. 

Some designs have used permeability-tuned-oscillator circuits to eliminate the 
temperature instability of a tuning condenser (Ref. 11). Harmonic operation has 
also been used and gives a reduction in frequency shift due to capacitance variations 
when a larger tuning capacitor is used to tune to the lower oscillator frequency. 

Harmonic operation has the added advantage of greatly increasing the separation 
between the oscillator and signal frequencies and it thus improves oscillator frequency 
stability in cases where pulling is experienced between oscillator and signal frequency 
circuits. 

For other methods of frequency stabilization see Chapter 24 Sect. 5. 

Grid-tuned and plate-tuned oscillators are not commonly used in the F-M band 
because the feedback winding becomes comparable in size with the tuned winding. 
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Fig. 36.1. Simplified szoitching 
from Colpitts high frequency os- 
cillator to Hartley medium wave 
oscillator. 



This leads to tracking troubles and the possibility of an oscillator changing from grid 
tuning to plate tuning or vice versa in a particular band. 

Both Colpitts and Hartley circuits are used, the Hartley (Fig. 24.4B) probably be- 
cause it is widely used on the broadcast band with 6SA7 type converters. However 
unless the receiver has only one waveband, switching of the cathode lead is necessary 
which introduces undesirable impedance between the cathode and the tap on the coil 
and may lead to parasitic oscillation. Added to this the Hartley circuit is in any case 
more prone to parasitic oscillation than the Colpitts, and is also liable to change over 
to a Colpitts type using valve interelectrode capacitances to give a tapping point in 
the oscillator circuit. 

Because of this, the Colpitts oscillator is 
popular in F-M receivers, and a convenient 
arrangement for a two band receiver is shown 
in Fig. 36.1 (from Ref. 16). The inductance 
of the choke L x is small enough to be negli- 
gible on the broadcast band so that it is only 
necessary to switch one connection to the 
oscillator circuit to change from the F-M to 
the broadcast band. The ratio of internal 
capacitances between screen grid and cathode 
and between oscillator grid and cathode de- 
termines the amount of feedback, and, if 
desired, external capacitances can be added to 
modify the feedback and increase the grid 
current, as shown (C x and C£ dotted on the 
circuit. However, these capacitors also have 
an effect on the signal frequency circuit and sensitivity and signal-to-noise ratio should 
be checked at the same time as the oscillator grid current. It may be necessary to 
compromise between maximum sensitivity, maximum signal-to-noise ratio and maxi- 
mum oscillator grid current. 

The chokes L 2 and L 3 comprise the two remaining sections of a trifilar choke made 
by twisting together three lengths of enamelled 28 A.W.G. copper wire and then 
winding 15 turns, closely-spaced, on a 9/32 in. former, \ in. long. The sections 
L t and L s introduce impedance«between the heater of the oscillator valve and ground 
so that variations in heater-cathode capacitance do not appear across a part of the tuned 
circuit. This is a recommended precaution against microphony and may improve 
frequency stability during the heating period (about five minutes) of the mixer. 

Care is needed in the local oscillator design to avoid microphony and modulation 
hum since any a-f variation in oscillator frequency results in an equivalent output 
from the frequency discriminator. A check on modulation hum produced by the 
local oscillator can be obtained by comparing the hum in the receiver output when 
intermediate frequency and signal frequency inputs are fed into the converter grid. 

(iv) I-F amplifier 

See also Chapter 26. 

When the maximum Q allowable by bandwidth considerations is used in a F-M 
transformer the gain obtained with the types of valves currendy used approaches 
the maximum gain possible without an undesirable amount of regeneration. Usually 
there are three valves amplifying at the intermediate frequency and the over-all gain 
is greater than 10 000 times, so that regeneration problems are common. 

A convenient method of tracing regeneration is described in Ref. 1. It consists 
of feeding the i-f signal to the hot side of the plate circuit of the second last i-f ampli- 
fier by means of a very small capacitor (3 mxF or less), retrimming the circuit, and 
converting the detector to an A-M type by open-circuiting one diode and replacing 
it with an appropriate capacitor to keep the circuit aligned. When A-M signals are 
fed into the amplifier the output will be due to the generator and to any regenerative 
effects from earlier stages which may be present. If the receiver output is decreased 
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by short-circuiting the input of the second last i-f amplifier regeneration exists and 
various parts of the receiver can be short-circuited to trace it. 

The method has the advantage of making it possible to deal with regenerative 
signals alone in the first stage instead of regenerative plus desired signals as when 
tracing regeneration by more conventional means. In addition the A-M signal genera- 
tor can be set to various frequencies in the passband of the i-f amplifier to trace re- 
generation which may be more severe at some frequency other than the centre of the 
pass-band. 

When regeneration occurs due to plate-to-grid capacitance in a single valve the 
circuit of Fig. 36.2A (Ref. 5) provides economical neutralization as illustrated in 
Fig. 35.2B. Phase shifts and stray inductances complicate the circuit sufficiently 
to make the calculation of C n difficult but an average value is about 3000 fifiF and 
correct neutralizing is obtained when, using the tracing method just outlined, no 
change in output occurs as the input transformer is tuned through resonance by C 2 > 
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Fig. 36.2. Circuit for i-f amplifier neutralization (A) Actual circuit (B) Capacitance 
rearranged to show bridge (Ref. 5). 

Series resonance can be obtained in i-f by-passes by allowing half-inch leads 
with typical 0.01 jaF paper capacitors. Larger values may give less by-passing and 
once the self-resonant frequency is passed the effective series impedance increases 
more rapidly than the frequency at which the by-pass is used. 

The i-f amplifier design can be responsible for poor noise rejection on the part of 
the receiver unless adequate stability is provided against the effects of time, tempera- 
ture, moisture and varying signal strength. The detuning of one or more i-f tuned 
circuits from the centre point of the aUsCTiminator characteristic will result in de- 
creased noise rejection whether or not a limiter is used (Ref. 3). 

Stability versus time characteristics are usually satisfactory when good trim- 
mers are used, but compression type mica trimmers may give trouble, particularly 
when the effects of vibration in transit between factory and the user's home are con- 
sidered. 

The effects of temperature and humidity can be offset by suitable impregna- 
tion methods for coils and the use of low temperature coefficient condensers to tune 
the transformers. Silvered-mica types are satisfactory as are most air-dielectric 
trimmers. 

Frequency instability with varying signal inputs applies to individual circuits 
rather than to the i-f amplifier as a whole and can be caused by a decrease in regenera- 
tion as gain is reduced by a.v.c. application or by valve input capacitance changes due 
to a.v.c. applied to i-f amplifiers or to sudden changes in the amplitude of the applied 
signal in the case of limiters. One method of overcoming the latter trouble is to use 
resistance coupling between the last i-f amplifier and the limiter (Ref. 21), although 
this can only be done at the expense of gain and selectivity. 

When impulse noise is present the detuning with each pulse may result in phase 
distortion of the signal which will no longer be centred on a symmetrical pass-band. 
The noise itself will also be heard and under extreme conditions the effect of a limiter 
can be to increase noise, as the increase due to mistuning more than offsets any other 
effect of the limiter (Ref. 3). 

In the absence of noise, detuning due to a.v.c. application decreases the amplitude 
rejection of the receiver and may increase phase distortion. 
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On the other hand, some detuning due to a.v.c. might be preferable to the amount of 
detuning caused by overloading in the grid circuits on strong signals. Resistance- 
capacitance networks having suitable time constants are often used to provide ad- 
ditional self bias when the signal strength is high. This system is usually preferred 
to normal a.v.c. application. 

To minimize detuning effects the i-f amplifier must be non-regenerative and the 
capacitors on the secondary — at least — of limiter input i-f transformers should be 
increased as much as the consequent reduction in gain will allow. If the primary can 
conveniently be wound with a different number of turns from the secondary the prim- 
ary inductance may be increased when the secondary inductance is reduced and gain 
will be unchanged if VL^Q^Q, remains constant. This should not be carried to 
the point where detuning of the primary circuit becomes noticeable either when valves 
are changed or due to differences in wiring capacitances between different chassis. 

In addition, an undue increase in L v can cause the grid-to-plate gain to become 
excessive, resulting in instability. 

The same precautions can be taken with the input circuits of stages to which a.v.c. 
is applied and in addition an unbypassed cathode resistor can be used to reduce input 
capacitance changes. Figures 23.15 and 23.16 show the effect of varying values of 
unbypassed cathode resistors on the change in input capacitance of type 6AC7 and 
6AB7 valves. For type 6BA6 a common value of resistor is 68 ohms. 

(v) F-M detection and A-M rejection 

There are three main methods of performing the functions of F-M detection and 
A-M rejection in commercial F-M receivers, the limiter-discriminator combination, 
the ratio detector and the locked oscillator. See Chapter 27 Sect. 2 for design details 
and Ref. 8 (from which some of the following information is taken) for a consideration 
of the capabilities of each. The effect of the type of detector used on over-all re- 
ceiver performance can be summarized as follows. 

(a) Assuming reasonably high a-f sensitivity, the use of a ratio detector can save 
one valve from the number required for a receiver using a limiter and discriminator 
or a locked oscillator. 

(b) The downward A-M handling capability of the ratio detector is less than that 
of the other two types. For the ratio detector an average figure is about 60% for 
medium and large inputs whereas the other types rapidly approach 100% once their 
threshold input is passed. Serious distortion occurs in a ratio detector if the down- 
ward amplitude modulation is excessive since this stops the diodes from conducting 
(see Chapter 27 Sect. 2). 

(c) The ratio detector gives some A-M rejection at very small inputs whereas the 
limiter discriminator combination has a threshold (the beginning of limiting) below 
which there is no A-M rejection. The locked oscillator also has a threshold — the 
input required to lock the oscillator. As a result, interstation noise levels on a re- 
ceiver using a ratio detector are noticeably low for a given sensitivity. 

For medium and high inputs all three types reduce amplitude modulation to a small 
percentage of the original, with the proviso in the case of the ratio detector that the 
downward amplitude modulation must not exceed about 60%. 

An amplitude modulated si gn a l tuned to the mid-point of a balanced discriminator 
will not give any a-f output, and in such a case the A-M rejection of the discriminator 
alone is 100%. However, if the signal is not centred on the discriminator character- 
istic there will be some a-f output. 

Even 100% A-M rejection will not remove noise from a F-M carrier. If the carrier 
is considered as a rotating vector and at a particular instant a noise 'carrier of twice 
the amplitude and with a 180° phase difference is added to it, the resulting carrier 
will be unchanged in amplitude but rotated through 180° by the noise. Thus, phase 
modulation (and so equivalent frequency modulation) of the desired carrier has oc- 
curred and noise must appear in the output of the detector. Since the amplitude is 
unchanged there will be no limiting. In practice, both amplitude and frequency 
modulation of a desired carrier occur, and although the receiver may have 100% A-M 
rejection the effect of the frequency modulation cannot be eliminated. 
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(d) The output of a ratio detector is proportional to the average amplitude of its 
input so that some form of a.v.c. is desirable. With the other two types output is 
almost independent of input above the threshold level, although some form of a.v.c. 
is often used to prevent overloading of i-f stages and the consequent detuning. 

(e) With each type there is a side tuning response when the signal is tuned to the 
skirt of the i-f selectivity curve. However in the case of the ratio detector this is at 
a much lower level than the main response and tuning is not a great deal more difficult 
than with an A-M receiver. 

The limiter discriminator circuit gives distorted side responses at a level at 
least equal to the correct tuning position and tuning is not easy for non-technical 
users, unless a suitable tuning indicator is incorporated in the receiver. 

The locked oscillator circuit may produce severe distortion as the signal crosses 
the locking threshold in the side tuning positions, or stations may tune with a definite 
" plop " as the oscillator locks. 

If a.f .c. is used it is possible to arrange for the receiver to be pulled rapidly through 
the side responses by the a.f.c., thus minimizing their effect. 

In general, the saving of a valve and the desirable tuning characteristic of the ratio 
detector make it attractive. However more care is needed in design to obtain correct 
balance between the two diode circuits for maximum noise rejection, and the limited 
downward modulation handling capability means that the selectivity of the i-f am- 
plifier must be closely controlled in production. If this is not done, excessive selec- 
tivity due to decreased coupling may introduce more amplitude modulation than can 
be handled by the ratio detector (even without the possible addition of noise) result- 
ing in severe distortion. 

The standard de-emphasis characteristic required has a falling characteristic 
with increasing frequency and is equivalent to that provided by a simple circuit having 
a time constant of 75 microseconds. The components used to filter i-f voltages 
from the detector circuit are given suitable values to provide this de-emphasis. Fig. 
15.1 gives the standard curve. 

Valves designed especially for limiting and F-M detection are available, namely 
the gated beam discriminator type 6BN6 and the Philips " ^-detector " type EQ80. 

In the 6BN6 two grids are operated in a quadrature phase relationship at centre 
frequency and the phase of one grid voltage is caused to vary with respect to the other 
about the quadrature point as the frequency is varied. The quadrature voltage is 
developed by space charge coupling to a special grid to which a parallel tuned circuit 
is connected. Limiting is obtained by controlling the current of an electron beam by 
an apertured slot located in the beam in a region of high current density. 

Typical performance of the 6BN6 (Refs. 25, 26) is that with a F-M intermediate 
frequency of 10.7 Mc/s the output voltage for 75 Kc/s deviation is about 4.5 volts 
r.m.s. Maximum A-M rejection with 30% A-M and 30% F-M modulation applied 
simultaneously is about 35 db. The A-M rejection with respect to signal input varies 
but at least 20 db of A-M rejection is obtained with 1 volt input and from 15 to 30 db 
at signals above 1.25 volt r.m.s. An a-f output of 3.7 volts with less than 1% distor- 
tion can be obtained using accelerator and plate supply voltages of 60 and 80 volts. 
Higher voltages and correspondingly higher plate loads will give an a-f output up 
to 15 volts r.m.s. for 75 Kc/s deviation which is sufficient to drive the output valve 
direcdy. 

The EQ80 (Ref. 27, from which the following information is taken) contains seven 
grids of which the second, fourth and sixth grids are screen grids and the seventh is 
a suppressor grid. To each of the control grids a voltage of at least 8 V r.m.s. is applied 
from an i-f transformer. The mean value of the anode current is a function of the 
phase shift between the two control voltages whilst the phase shift is a function of 
the frequency deviation. Both functions are approximately linear when the phase 
shift has a sweep between 60° and 120°. 

The amplitude of the anode current is not dependent upon the magnitude of the 
control voltages (provided they are greater than 8 V) so that the valve also acts as a 
limiter. The ^-detector gives an a-f output of about 20 to 25 volts. The first grid 
can be arranged to cut off the cathode current if the control voltages are not large 
enough, so that interstation noise is suppressed. 
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SECTION 2 : F-M/A-M RECEIVERS 

(*') R-F section («) I-F amplifier (Hi) General considerations. 

(i) R-F section 

The valve complement and other major features of a combination F-M/A-M re- 
ceiver are determined by the F-M requirements almost exclusively, and the A-M 
receiver operates with a suitable selection of the parts already in use. 

There are of course some additions, and the A-M tuning device is one. The two 
tuning systems may use separate gang condensers or separate permeability tuning 
arrangements or a combination of the two. There are two well-known systems of 
tuning the two bands with one control, one using a tuning condenser with A-M and 
F-M sections on the same rotor shaft, and the other with a cam on the rotor shaft of 
a normal A-M type gang, the cam operating slugs in the F-M coils. 

On the F-M band, tuning should be accurate within about 20 Kc/s in a band of 
20 Mc/s — one part in one thousand — which is comparable with a required A-M setting 
accuracy of about 1 Kc/s in a band of about 1000 Kc/s. Thus a tuning rate which is 
satisfactory for the A-M broadcast band should be suitable for the F-M band. 

Much of the ingenuity in combined F-M/A-M design is directed towards the 
elimination of switching, particularly in hot circuits. This is not so much to save the 
cost of the switching but to avoid the losses in leads to switch contacts and in the 
additional stray capacitances which are introduced. 

One example of this can be seen in Fig. 36.1 where one switch section is saved by 
converting the oscillator from a Hartley on 
A-M to a Colpitts on the F-M band. 
Fig. 36.3 (taken from Ref. 10) shows a 
system of combining short wave A-M input 
with F-M band input without switching 
and without undue loading of one circuit 
by the other. 




Untuned r-f amplification also saves 
switching, and choke coupling can conveni- 
ently be used or a mixture of choke feed for 
the r-f amplifier on the F-M band and re- 
sistance feed on the A-M band. In this 

case there is of course a considerable loss in Fig. 36.3. Combined F-M band 

image rejection compared with that obtain- and A-M short wave^ band input 

able with tuned r-f amplification. circuit (Ref. 

Other systems which have been used include a circuit in which the r-f stage is used 
only on the F-M band with an A-M loop switched to the converter grid for A-M 
reception, and a more complicated one (Ref. 4) in which the F-M signal is converted 
by a 12BE6 to the 10.7 Mc/s intermediate frequency and is then amplified by a second 
12BE6 operating as an i-f amplifier. On A-M the second 12BE6 becomes the con- 
verter by comparatively simple switching, and an A-M loop is connected to its grid 
while the F-M second i-f amplifier becomes the single A-M i-f amplifier. The first 
12BE6 is not used in A-M reception. 

(ii) I-F amplifier 

As in the r-f section of the receiver, it is important to avoid switching hot circuits 
in the i-f amplifier, and the fixed tuning and large frequency difference between 
10.7 Mc/s and 455 Kc/s fortunately makes a simple series connection of the two i-f 's 
quite satisfactory (see Chapter 26 Sect. 3). 

One trouble experienced with this system is that when operating on A-M, spurious 
responses ve-&- oscillator xiarmomcs^ can set up large signais across iuc 10.7 Mc/s 
tuned circuits and may overload later i-f amplifiers, interfere with a.v.c. arrangements 
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Fig. 36 .4. Combined F-M A-M i-f channel using one A-M i-f amplifier and two F-M 

i-f amplifiers. 

or cause other trouble depending on the circuit of the subsequent sections of the re- 
ceiver. To minimize this trouble it is common practice to switch the converter output 
to the appropriate (10.7 Mc/s or 455 Kc/s) winding. In such a case the secondary 
and all other i-f windings (except the output windings) would be series connected. 
Separate converters, each connected only to its own i-f, have also been used. This 
eliminates the spurious response trouble, allows very simple switching between bands 
(only the converter B supply need be switched) and allows more flexibility in the F-M 
oscillator design. 

Wh^n using a ratio detector, two i-f amplifiers are needed, and with a limiter- 
discriminator combination an extra valve is required. As against this the i-f amplifier 
for an A-M receiver needs only one valve, particularly if of the high slope type com- 
monly used as F-M i-f amplifiers. 

One method of obtaining an extra F-M i-f amplifier was mentioned in sub-section (i) 
the case in which the A-M converter was switched to carry out this function. How- 
ever, the more usual arrangement is shown in Fig. 36.4 for the case of ratio detector 
F-M receiver. A combined detector of the triple-diode-triode type could be used to 
save one valve, but the main point is that the last A-M i-f is not connected in series 
with the F-M winding, to avoid the necessity for switching a high level i-f circuit. 

F-M detection can be carried out by tuning the F-M signal to the skirt of the i-f 
response and applying the resultant amplitude and frequency modulated wave to a 
diode. The amount of A-M introduced can be high (see Fig. 26.6) so that a few times 
greater detection sensitivity is available than from a conventional discriminator. 
This is obtained at the expense of distortion, the degree of which is dependent on the 
degree of non-linearity of the i-f skirt characteristic, and the circuit also gives two 
tuning points. Tuning must be for minimum distortion which is not necessarily 
obtained at the same tuning point as maximum volume or maximum signal-to-noise 
ratio. An additional disadvantage is that the circuit has no inherent amplitude re- 
jection properties, as has a cuscximinator, although a limiter could be used. 

(iii) General considerations 

The problem of providing comparable a-f output on F-M and A-M has different 
aspects depending on the type of detection used in each case 

With a ratio detector the a-f output is approximately proportional to the r-f input 
so that some form of a.v.c. is needed, <as with an A-M diode detector. The direct 
voltage generated by the detector provides an excessive amount of control when 
applied to the grid of the i-f amplifier unless high a-f gain is provided or unless delay 
is used. The circuit of Fig. 27.38B can be used for delay if a diode is available. 
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However " partial limiting " as discussed in Chapter 27 Sect. 2(iv)C provides a 
satisfactory a.v.c. characteristic and at the same time removes the need for any other 
means of A-M detection since if suitable constants are used this is carried out satis- 
factorily in the control grid circuit of the driver of the ratio detector. The direct 
voltage available from this circuit can also be used as an a.v.c. voltage for previous 
stages (on A-M or F-M). 

If about one third of the a-f voltage developed in the " partial limiter " grid circuit 
is used on A-M, and the full ratio detector output on F-M, similar a-f output will be 
obtained from the receiver over a range of input signals with each system. 

A small discaiminator bandwidth (some commercial designs have a width of only 
200 Kc/s) will increase the a-f output, which would allow a larger fraction of the 
A-M output to be used, and increase the output available from small signals with 
each system. 

In the case of a limiter-discriminator combination having A-M taken from the 
input to the limiter stage, the a-f output is high and almost constant on F-M but 
is much less with small inputs on A-M. A poor A-M a.v.c. characteristic which 
allows the a-f output to increase rapidly can provide approximately equal F-M 
and A-M output when reasonably large A-M signals are received. 
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SECTION 1 : A-M RECEIVERS 

(*) Introduction (ii) Definitions (tit) Equipment required (iv) Measurements 
and operating conditions (v) Measurements (vi) Performance tests. 

(i) Introduction 

Few of the results of measurements made on radio receivers can be expressed as the 
difference between an ideal receiver and the receiver under test. For this reason it 
is desirable to adopt standard methods of measuring the performance characteristics 
of receivers and of presenting the results of those measurements. When this is done 
direct comparisons between receivers are possible, whereas if for instance one manu- 
facturer expresses noise as the percentage of output voltage remaining when the 400 
c/s 30% modulation is removed from the modulated carrier required to give standard 
output, and another follows the English R.M.A.* recommendation and expresses it 
as the unmodulated r-f input carrier for which the output is equal to the output given 
by a 10% modulation of that carrier at 1500 c/s, then it is not easy to form any opinion 
of the relative merits of receivers measured under the two systems. 

Unfortunately there is no standard international method of measuring receiver 
performance and the two series of tests due to the American I.R.E. (Ref. 1) and the 
English R.M.A.* (Ref. 2) differ in important details. The main requirements of the 
two testing specifications are given in this chapter. 

(ii) Definitions 

(A) Standard input voltages (I.R.E.) " Four standard input voltages are speci- 
fied for the purpose of certain tests, as follows : 

(1) A " distant-signal voltage " is taken as 86 decibels below one volt, or 50 micro- 
volts. 

(2) A " mean-signal voltage " is taken as 46 decibels below one volt, or 5000 micro- 
volts. 

(3) A " local-signal voltage " is taken as 20 decibels below one volt, or 100 000 
microvolts. 

(4) A " strong-signal voltage " is taken as one volt. 

(B) Antenna sensitivity-test input (I.R.E.) " The sensitivity input is the least 
signal-input voltage of a specified carrier frequency, modulated 30 per cent at 400 
cycles and applied to the receiver through a standard dummy antenna, which results 

•This standard is now obsolete and it is understood that a new R.I.C. standard is in course of pre- 
paration. References to the old standard have been included where it appears that they convey useful 
information or follow current practice. 
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in normal test output when all controls are adjusted for greatest sensitivity. It is 
expressed in decibels below 1 volt, or in microvolts." 

(C) Normal test output (I.R.E.) " For receivers capable of delivering at least 
1 watt maximum undistorted output, the normal test output is an audio-frequency 
power of 0.5 watt delivered to a standard dummy load. 

For receivers capable of delivering 0.1 but less than 1 watt maximum undistorted 
output, the normal test output is 0.05 watt audio-frequency power delivered to a 
standard dummy load. When this value is used, it should be so specified. Other- 
wise, the 0.5-watt value is assumed. 

For receivers capable of delivering less than 0.1 watt maximum undistorted output, 
the normal test output is 0.005 watt audio-frequency power delivered to a standard 
dummy load. When this value is used, it should be so specified. 

For automobile receivers, normal test output is 1.0 watt audio-frequency power 
delivered to a standard dummy load." 

The English R.MA. recommends a standard output of 50 milliwatts measured 
across a non-inductive resistance connected in place of the speaker voice-coil and with 
an impedance equal to the modulus of the voice-coil impedance at 400 c/s. 

A level of 1 mW has been suggested (Ref. 3) for communication receivers intended 
for phone operation or for connection to a land line. An alternative of 0.1 mW is 
suggested in Ref. 4 for special conditions. 

The use of 500 mW for large receivers has the advantage of decreasing the effects 
of hum and noise on the standard output, but when simple a.v.c. is used the sensi- 
tivity may be affected by the a.v.c. before the standard output is reached, so that 
sensitivity and the a.v.c. characteristic both affect the results obtained. 

(D) Maximum undistorted output (I.R.E.) " The so-called maximum undis- 
torted output is arbitrarily taken as the least power output which contains, under 
given operating conditions, a total power at harmonic frequencies equal to 1 per cent 
of the apparent power at the fundamental frequency. This corresponds to a root- 
sum-square total voltage at harmonic frequencies equal to 10 per cent of the root- 
sum-square voltage at the fundamental frequency, if measured across a pure resist- 
ance. (The root-sum-square voltage of a complex wave is the square root of the sum 
of the squares of the component voltages.)" 

(E) Bandwidth (I.R.E.) " As applied to the selectivity of a radio receiver, the band- 
width is the width of a selectivity graph at a specified level on the scale of ordinates." 

(F) Standard antenna (I.R.E.) " A standard antenna is taken as an open single- 
wire antenna (including the lead-in wire) having an effective height of 4 meters." 

(iii) Equipment required 

(A) Standard signal generator (English R.MA.) " Signal generators shall 
give readings of microvolts to ± 10% up to 10 megacycles per sec. and to ±25% 
above 10 megacycles. Their frequency calibration shall be within 1% or within 
10 kc. whichever is the greater and incremental frequencies shall be within 0.5 kc ; 
the modulation shall be accurate to within 1/10 of the nominal percentage." 

I.R.E. recommendations include the following three points : — 

(1) At broadcast frequencies an output voltage indication accuracy within 10% 
is usually adequate. At higher frequencies an accuracy of indication within 25% is 
satisfactory. 

(2) A frequency indication accuracy of 1% is generally sufficient, but for selectivity 
or interfering-signal tests the radio frequency should be adjustable in small incre- 
ments about the desired frequencies and adjustment and indication to within 0.1 
per cent of the carrier frequency are desirable. 

(3) Frequency modulation should be kept as low as possible. The maximum 
permissible frequency modulation in cycles is given by (50 f e + 100)w, in which f e 
is the carrier frequency expressed in megacycles and m is the modulation factor. 

Built-in 400 c/s modulation facilities are usually provided, at least for 30% modu- 
lation and sometimes for varying depths. The 400 c/s source should have low dis- 
tortion (not greater than 1 %). It is desirable for modulation depths between and 
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90% to be available and modulation distortion should be small. There should be 
provision for the connection of an external a-f generator so that the modulation fre- 
quency can be varied between the limits of 30 and 10 000 c/s. 

The r-f output should be variable at least between' one microvolt and one volt, 
but a maximum output of two volts is useful. 

A smooth, backlash-free drive is necessary, with a movement slow enough and 
scale large enough for small increments of frequency to be accurately recorded when 
selectivity curves are being taken. 



Fig. 37.1. Standard 
dummy antenna and method 
of connection (from Ref. 1). 
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(B) Standard dummy antenna (I.R.E.) " The elements of the standard dummy 
antenna are capacitors (C t and C 2 ) of 200 and 400 micromicrofarads, respectively, 
an inductor L of 20 microhenrys, and a resistor R of 400 ohms, connected as shown 
in Fig. 37.1. The effective values of J?, L, and C should be within 10% of the nominal 
values. The stray capacitance between any two points must be so small as to be 
negligible at operating frequencies, and the dummy antenna must be so devised as 
to avoid coupling to other equipment. If the output impedance of the attenuator of 
the signal generator is not negligible with respect to that of the dummy antenna, 
this impedance should be deducted from the respective constants thereof. 

The leads used in connecting the standard-signal generator through the dummy 
antenna to the receiver should be so short as to introduce negligible voltage drop. 
They should be shielded to reduce external fields." 

(C) Output-power-measuring device (I.R.E.) " The standard dummy load 
is a pure resistance which should be of sufficient power capacity to carry the maximum 
power output of the receiver without change in its resistance. If provided with taps, 
these should be sufficiently numerous to allow adjustment to within 10% of the proper 
value. The precise value of the resistance of each step should be known. 

Dry-rectifier-type voltmeters, vacuum-tube voltmeters, or thermocouple-type 
ammeters are suitable for measuring the power delivered to the standard dummy 
load. They may read root-sum-square values and be calibrated in current, voltage, 
power, or directly in decibels, the former units being more commonly used. While 
dry-rectifier-type voltmeters are subject to temperature and frequency errors these 
are usually not of sufficient magnitude to affect the measurements seriously, so long 
as distortion is not high." 

(D) Audio-frequency generator The output of the a-f generator should be 
sufficient to modulate the r-f signal generator to 100% from 30 to 10 000 c/s, and to 
drive the output valve of the receiver to full output when connected to its grid circuit. 
The maximum harmonic distortion should not exceed 1%. 

(E) Audio-frequency attenuator An attenuator is desirable which gives known 
a-f output voltages continuously variable between 1 V and 1 mV when supplied with 
a 1 V (or larger) input. Commercial types are available with an output range of 1 V 
to 1 /xV. The calibration should be accurate (or the correction known) over the 
range of frequencies to be used. 

(F) Wave analyser A wave analyser is required to measure the relative magni- 
tudes of harmonics and inter-modulation products. The I.R.E. requirements for 
such an instrument are " the accuracy of measurement of each frequency should be 
within 5% of the indicated harmonic amplitude, and sufficient selectivity should be 
available to prevent adjacent harmonics at any measured frequency from influencing 
the results. In this type of analysis it is, of course, necessary that the signal-generator 
harmonics be small in comparison with the harmonic distortion being measured." 
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A distortion-factor meter can be used to measure total distortion* i.e. the re- 
ceiver output at all frequencies except the fundamental of the signal source. It is 
worth noting that the English R.M.A. definition of " distortion factor " is 



fc/4 



1 4 / » = 2 



2 \ » = oo 

n = 1 

where n represents the order of an individual harmonic. This expression! loads the 
higher harmonics in proportion to their order. 

An I.R.E. recommendation is " If an instrument is used which makes a lumped 
measurement of all distortion, by elimination of the fundamental, a high-pass filter 
should be used, in order to eliminate hum and similar low-frequency noise from the 
result." 

(G) Meters. Meters are required to cover the range of voltages and currents to 
be measured. Valve voltmeters are useful for measuring small a.c. voltages and 
currents and for making measurements in which a minimum of circuit loading is 
necessary (e.g. a.v.c. bias voltages). 

(H) Equipment for acoustical tests A number of I.R.E. and English R.M.A. 
tests are of an acoustical nature. For information on the equipment required and the 
testing conditions, Refs. 1 and 2 should be consulted. 

(iv) Measurements and operating conditions 

(A) Output measurements The I.R.E. requirement is that output measure- 
ments are to be made in terms of the power delivered to a standard dummy load, which 
is a pure resistance of a value equal to the 400 c/s impedance of the loudspeaker 
to be used with the receiver. Where an output transformer is connected between 
the radio receiver and the loudspeaker, the output transformer is to be treated as part 
of the radio receiver. 

There are special requirements when power output is to be measured in the presence 
of background noise. If the background noise power is smaller than the output 
power being measured, the incremental reading of output power may be used. With 
a thermocouple output meter the incremental output power is equal to the observed 
total power minus the observed noise power. If another type of output meter is used, 
a calibration should be made in terms of incremental power. 

If the background noise is greater than the output power being measured, it is 
desirable to use a band-pass filter tuned to the test audio frequency to remove the 
background noise wholly or partially from the output meter. This filter should be 
connected between the load and the output meter. 

Alternatively an electrodynamometer with its field synchronously excited from the 
original source of modulation can be used. 

(B) Summary of additional I.R.E. requirements " The operating voltage 
applied to a radio receiver should be held constant at the specified value during 
measurements of receiver characteristics. Certain receiver characteristics may be 
desired at other than normal test voltage, or over a range of operating voltages, in 
which case a statement of the voltages used should be included in the test data. In 
any case, tests should be made to check whether the receiver operates satisfactorily 
over the full range of operating voltage that is liable to be encountered in practice. 

A.C., A.C./D.C, or D.C. receivers should be tested with 117 volts r.m.s. A.C. or 
117 volts D.C. applied, unless some other operating voltage is stated. 

Automobile receivers should be tested with 6.6 volts at the receiver-battery terminals. 
The voltage should be obtained from a battery being charged at the required rate 
and not by the use of a dropping resistor. 32-volt farm-lighting-plant receivers are 
tested with 36 volts. 

•Total harmonic distortion, see Chapter 14 Sect. 2 (iv) p. 609. 

tThis is the same as the Weighted Distortion Factor described in Chapter 14 Sect. 2(v) p. 610. 



37.1 (iv) MEASUREMENTS AND OPERATING CONDITIONS 1301 

Other battery-operated receivers are tested with batteries of the type and voltage 
specified. The batteries used should not have abnormally high internal resistance. 

The valves used should be selected to have the rated values of those characteristics 
which most affect the performance of the receiver." 

(C) Summary of English R.M.A. requirements The receiver is to operate 
in its cabinet for at least half an hour before tests begin. 

All batteries are to be at their normal operating voltages. The internal resistance 
of the H.T. battery is to be increased by adding, in the H.T. negative lead, a resistance 
equal to 1 ohm per cell. Care should be taken to see that the added resistance does 
not affect the grid bias. 

Where the receiver carries a mains tapping device and a number of marked ranges, 
the applied voltage should fall in the middle of one of these ranges, the midpoint being 
calculated as a geometric mean. 

(v) Measurements 

Tests are applied to receivers for various reasons ; as an aid to design, to compare 
different designs, to compare a mass-produced receiver with a laboratory prototype 
and as a preliminary to repairs. Appropriate tests should be selected from the follow- 
ing sections to suit the required object, or perhaps the available equipment. An 
arbitrary distinction has been drawn between measurements (carried out with volt- 
meters and ammeters) and tests, which in general need more equipment. 

For normal voltage and current measurements receivers and amplifiers should 
be operated without input or output, and bias-controlling volume controls should 
be turned to maximum. 

If all voltages are to be checked it is necessary to use a high impedance meter 
(20 000 ohm/volt or more) but most important checks can be made with 1000 ohm/ 
volt meters. In any case allowance must be made for meter resistance in all high 
impedance circuits and it is useful to know the actual value of resistance for any 
particular range in use. 

Measurements of grid bias should normally be made either across the cathode bias 
resistor (if any), or between the cathode and the earthy end of the grid resistor. This 
will give the grid-cathode voltage unless current is flowing in the grid resistor. The 
latter may be checked by short-circuiting the grid resistor with a suitable current 
meter in the plate circuit, and noting any change in reading. 

There are two methods which can be used to determine plate and screen voltages 
when high values of series resistors are used. The first is the direct method, noting 
the reading on a high impedance voltmeter and making allowance for the meter re- 
sistance. If a suitable two range voltmeter is available, the method described by 
Lafferty may be used to determine the correct voltage — see Chapter 4 Sect. 7(iii) 
pages 163-164, and eqns. (10) and (11). Alternatively, the series resistor in the volt- 
meter may be shunted by an external resistor of equal value, with a switch to remove 
the shunt when required. This gives a scale ratio of 2, and enables eqn. (1 1) on page 
1 64 to be used. The shunt resistor may well take the form of a decade box, accurately 
adjusted to the internal voltmeter resistance. Other methods of making allowance 
for meter resistance may introduce serious errors. 

The second method of measuring plate and screen voltages, which may be called 
the indirect method, is to measure the voltage from B + to cathode and also the current 
to the electrode. The value of the series resistor should then be measured, and the 
voltage drop across it may be calculated by Ohm's Law. 

An example of the error which may be introduced by other methods is given below. 
Suppose that a 20 000 ohm/volt meter on the 25 volt range is used to measure the 
bias voltage (from grid to cathode) on an output valve which has back bias and a 0.5 
megohm grid resistor. 

Although the meter resistance is equal to the resistance of the grid leak so that half 
of the bias voltage appears across the meter, only one half of the generated bias voltage 
is applied to the grid of the valve, its plate current is increased, and a larger voltage is 
developed across the back-biasing resistor. The indicated bias voltage is thus more 
than half the working bias voltage. 
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When voltages and currents are being measured to check valve electrode dissipation 
or component ratings it may be necessary to modify receiver operating conditions to 
obtain the worst conditions for the component in question. For example tuning a 
strong signal with a back-biased receiver will decrease the bias on the output valve 
and may cause the plate dissipation to exceed the limit. The effect of component 
tolerances must also be taken into account. 

A measurement of, say, oscillator grid current at low voltages as part of a type test 
in a battery receiver at low voltages would not be considered finished until many 
valves had been measured to determine the average and minimum values, or unless 
valves with bogie and limit characteristics were available. 

The maximum temperature rise allowed in radio power transformers by R.M.A. 
specification M4-541 is 65 °C (core or windings whichever is greater) when operated 
continuously with the specified load, at the specified frequency, under standard con- 
ditions and at a voltage 10% above that of the standard line voltage. 

The standard conditions are set out in M4-546 and require a specially constructed 
asbestos box. The core temperature is measured with an all-glass mercury bulb 
thermometer brought into good contact with the surface of the core by means of 
glazier's putty. 

The temperature of the primary and secondary windings are determined by the 
resistance method using the following formula : (A.I.E.E. Rule 13-207) 
t = reference temperature of winding 
T = temperature of winding to be calculated 
r = resistance at reference temperature t 
R = observed resistance at temperature T 

T = - (234.5 + t) - 234.5. 
r 

The observed resistance R is to be measured within one minute from the com- 
pletion of the test run, that of the highest voltage secondary winding being measured 
first and that of the primary winding being measured second. 

The temperature rise of the transformer is determined by subtracting the tem- 
perature of the ambient air within the enclosure at the end of the test from the tem- 
perature of the core or windings (whichever is highest) at the end of the tests. 

In determining the ultimate temperature of the core and windings, the operation 
of the transformer is continued until temperatures within the enclosure show constancy 
for three successive readings at intervals of at least 15 minutes. 

An ambient temperature of 40 °C is maintained within the enclosure throughout 
the test. 

(vi) Performance tests 
(A) Sensitivity 

All measurements, including sensitivity, which are made with the signal generator 
output applied to the aerial terminal of a receiver require a standard dummy antenna 
to be connected between the two, except that in the case of a receiver designed for 
use with a special aerial, a dummy aerial is required with constants giving an im- 
pedance characteristic similar to the special aerial. The sensitivity is expressed as 
the input required to give standard output from the receiver. The input referred to 
is the open circuit voltage from the signal generator, modulated 30% at 400 c/s. 

For purposes of recording results sensitivity is usually measured at or near the three 
tracking points on each wave range, but when curves are to be drawn additional points 
are required. 

With sensitive receivers noise forms a large part (or all) of the output in sensitivity 
measurements, and alternative methods of measurement which specify the input 
required to give a minimum signal-to-noise ratio are becoming increasingly popular. 
One method is to specify the input required to give equal signal and noise outputs 
i.e. when the modulation is switched off the output power is halved. A signal-to- 
noise ratio of 15 do is more commonly used for communication work in England, this 
ratio being taken as providing satisfactory intelligibility. 



37.1 (vi) (A) SENSITIVITY 1303 

When the signal-to-noise ratio method of measurement is used for all types of re- 
ceivers it is necessary to make provision for insensitive receivers by denning sensitivity 
as the input required to give a certain signal-to-noise ratio, or the input required to 
give standard output, whichever is the greater. 

Sensitivity measurements on telegraphy receivers are carried out by adjusting the 
beat note to the peak of the a-f response. 

To check the gain of individual stages in a receiver, a measurement is made of the 
input to successive grids required to give standard output from the receiver. The 
generator input is coupled to the receiver by means of a large capacitor (say 0.1 /*F) 
and the normal connections to the grid are not disturbed. 

Measurements made in this way are liable to errors at high frequencies and when 
regeneration is present. At high frequencies the inductance of the generator output 
leads and the input capacitance of the stage being measured may seriously affect the 
results. 

During measurement, regenerative effects may be eliminated by the low impedance 
of the signal generator connected between grid and ground but when the gain from 
the previous grid is measured the regeneration will re-appear so that the apparent 
gain of the earlier stage is its true gain multiplied by the gain due to regeneration in 
the subsequent stage. 

The regeneration may be from causes such as feedback due to the plate-grid capacit- 
ance of an i-f amplifier, or in the case of a converter it may be due to oscillator voltages 
on the signal grid. For the latter reason, measurements of conversion gain and r-f 
gain (or aerial coil gain if no r-f stage is used), particularly at high frequencies, should 
be treated with reserve unless it is known that these effects were not present. 

(B) Selectivity 

Selectivity measurements are made with the object of determining the frequency 
separation necessary to eliminate interference between a desired signal and a stronger 
undesired signal. 

It is not possible to specify one selectivity test the results of which will be a measure 
of the interference to be expected, because there are several ways in which interfer- 
ence can occur. 

These are : — 

(1) Because of inadequate selectivity the two modulated carriers may both be pre- 
sent at the second detector, and although no noticeable interaction occurs between 
the signals, they are both heard. 

(2) The desired carrier may be modulated by the modulating frequencies of the 
undesired carrier (cross-modulation). 

(3) A reduction of the a-f output from the desired carrier may be caused by a.v.c. 
voltages developed by the undesired carrier, or by demodulation by the undesired 
carrier. 

(4) When the frequency separation between adjacent carriers is an audible frequency 
a continuous heterodyne is heard. This effect is very noticeable in receivers with a 
good high frequency response as they are capable of reproducing frequencies of 9 
or 10 Kc/s by which medium wave broadcasting stations are separated. 

(5) Intermodulation may occur between two stations of which the frequency differ- 
ence or frequency sum is the same (or nearly the same) as the frequency of a desired 
station. An intermodulation product can then interfere with a desired signal. 

(6) Distortion in the receiver may produce harmonics of an undesired signal which 
interfere with a desired signal. 

(7) " Monkey chatter " may occur due to the sidebands of the undesired carrier 
being detected, with frequency inversion, as sidebands of the desired carrier. For 
example, if the desired carrier is separated by 20 Kc/s from the undesired carrier, 
which is lower in frequency and which is modulated by frequencies of 7 and 12 Kc/s, 
the higher sidebands of the undesired carrier become respectively 13 and 8 Kc/s 
lower sidebands of the desired signal. 

Sturley (Ref. 3) points out a less commonly recognised extension of this effect. 
The presence of small percentages of a-f harmonics may gready extend the carrier 
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frequency separation across which monkey chatter may occur. For example, sup- 
pose a strong local station on 1000 Kc/s induces 1 volt 50% modulated at 7 Kc/s in 
the aerial of a receiver tuned to 1030 Kc/s. If there is a fourth harmonic sideband 
percentage of 0.1% the amplitude of the upper frequency harmonic sideband (1024 
Kc/s) is 500 fiW. A station on 1030 Kc/s would thus have added to it a 6 Kc/s 
sideband of ample power to cause over-modulation at low signal levels. 

An investigation into the poor agreement between selectivity as measured by the 
one or two signal generator methods and actual performance on the air is detailed in 
Ref. 13. 

The I.R.E. recommendation for a single signal selectivity test is that the receiver 
be tuned to the test frequency as in the sensitivity test. The signal generator is then 
detuned each side of resonance, the radio-frequency input voltage which results in 
normal test output is observed, and its ratio to the sensitivity-test input is computed. 
If this test is made at only one frequency in superheterodyne receivers it is recom- 
mended that this be 1000 Kc/s. 

When the selectivity of the a.v.c. circuit is the same as that of the signal circuit 
no special precautions are necessary. However if there is any appreciable difference 
between the two selectivities it is recommended that the a.v.c. voltage be maintained 
at the value obtained at centre frequency. This method provides an indication of the 
circuit selectivity rather than of discrimination against interference. 

Errors may occur in very selective receivers because the receiver output is the 
result of applying a band of frequencies (carrier and upper and lower sidebands) to 
a sloping characteristic. To avoid this effect an unmodulated carrier can be used and 
diode current in the second detector circuit taken as the output indication. 

Another point which may give trouble is that with very sensitive receivers the 
majority of the standard output at full sensitivity is noise. A different signal-to- 
noise ratio at standard output will be experienced when tuning towards a strong 
carrier and a faulty reading will be obtained. To overcome this a reference input 
is often selected to give a good signal-to-noise ratio while still leaving the a.v.c. in- 
operative — 10 pV is a suitable input in many cases. 

Two-signal tests are specified by the I.R.E. for cross-talk, whistle and blocking 
interference. The signal generators are preferably connected in series but parallel 
connection is possible with special dummy aerials. The radio receiver is tuned to the 
desired signal at one of the standard test frequencies and at one of the standard input 
voltages. The receiver volume control is adjusted to give normal test output when 
the signal is modulated 30% at 400 c/s, after which the modulation is switched off. 
An interfering-signal input voltage is applied to the receiver, in addition to the 
desired signal which remains unchanged. The interfering signal is modulated 30% 
at 400 c/s. The interfering signal is tuned through a wide frequency range and the 
interference-test input voltage which gives interference-test output at 400 c/s (30 db 
below standard output) is observed wherever its value is less than one volt. Read- 
ings are not taken for carrier spacings so close that beat note interference is more 
severe than cross-talk interference. 

Such a test is the only type of selectivity test which shows correctly the selectivity 
curve, at reduced sensitivity, of a receiver having a.v.c. It is also the only method 
by which the selectivity of a receiver having automatic selectivity control can be 
tested direcdy. 

The interfering signal may also reduce the desired-signal output by a.v.c. action 
or overloading. Blocking interference tests can be carried out for this effect (as 
specified by the I.R.E.) by modulating the desired signal and measuring the change 
in output with varying signal strength and frequency of the unmodulated signal. 
The results of blocking signal tests can be plotted on the same sheet as the results 
of the two-signal cross-talk tests. 

The two-signal whisde interference test specified by the I.R.E. indicates the greatest 
interference input permitted without the output exceeding the equivalent of approxi- 
mately 1 % modulation of the desired signal. If the desired signal is modulated 30%, 
the permitted interference output power is 0.001 of the desired-modulation output 
power. 
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The signals are the same as for the cross-talk test, except that the interfering signal 
is unmodulated. The interfering signal is tuned through a wide frequency range, and 
the interference-test input voltage, which gives interference-test output at 400 c/s, 
is observed wherever its value is less than one volt. No reading is made with the 
desired and undesired signals separated by 400 c/s. 

The English R.M.A. selectivity test is similar to the I.R.E. cross-talk interference 
test but a 400 c/s bandpass filter is used between receiver and output meter to elimin- 
ate the effect of the heterodyne between carriers. The desired signal is 1 mV, 30% 
modulated at 400 c/s and the receiver volume control is adjusted to give one quarter 
of the rated maximum output. Modulation is removed from the desired signal and 
the input required to give an output 40 db below the previous output is noted for 
various off-tune frequencies of the 400 c/s 30% modulated undesired carrier. 

In Ref. 40 a test for r-f intermodulation is given. A " wanted " signal 30 db above 
1 /iV is applied to a receiver, the sensitivity control is adjusted for standard output 
(a.v.c. switched off) and the signal is then removed. 

Two interfering signals are then applied to the receiver with a frequency difference 
or frequency sum equal to the frequency of the wanted signal. The interfering 
signals are each 110 db above 1 /iV and neither is of such a frequency as to give an 
appreciable output when applied alone. Under these conditions the receiver is not 
to produce an output exceeding the standard output. 

When this test is used care should be taken to see that intermodulation does not 
occur outside the receiver, for instance in measuring diode circuits of signal generators. 

A test for r-f harmonic generation in the receiver is also given in Ref. 40. Stan- 
dard output is obtained from a wanted signal as above, and then the wanted signal 
is replaced by an unwanted signal of half the frequency and at a level of 116 db above 
1 ju.V. The output from the receiver should not exceed the standard output. The 
effect of signal generator harmonics must not be overlooked when this test is being 
performed. 

Sturley (Ref. 3) gives additional tests whereby the effects of heterodyne whistles, 
monkey chatter and a receiver whistle filter can all be shown on a set of curves. 

(C) Electric fidelity (frequency response) 

The electric fidelity test specified by the I.R.E. shows the manner in which the 
electric output of a receiver depends on the frequency of the a-f modulation. The 
radiation characteristics of the loud speaker are not taken into consideration and this 
minimizes the value of the test. 

30% modulation of a 1000 Kc/s 5000 /*V signal is used, and the receiver is tuned 
to it in the following manner. Firstly the receiver is tuned to the carrier with 400 c/s 
modulation, and then the modulating frequency is increased until the receiver output 
has fallen to one fifth. The receiver tuning is then readjusted slighdy for minimum 
output. 

The receiver output is measured in terms of current or voltage in a standard dummy 
load, or in terms of the voltage across or of the current in the voice coil of the loud 
speaker. In the latter case, the loud speaker should be located in its baffle or cabinet, 
with the receiver chassis in place. The data should include a statement of which load 
is used. The receiver volume control is adjusted to give normal test output. The 
modulation frequency is then varied continuously from 30 to 10 000 cycles while 
maintaining 30% modulation and the output variation is observed. 

If the electric- fidelity curve has decided peaks, there is abnormal tendency towards 
overloading, and the observations may have to be repeated with less output. 

It is frequently unnecessary to make or plot these observations below— 20 db, but 
further observations may be desirable, particularly if a large amount of negative feed- 
back is used. 

Suitable precautions must be taken to prevent hum or noise, if present, from 
affecting the accuracy of the results. 

If electric-fidelity varies appreciably with the signal frequency, the input level, 
the volume or tone control settings or any other parameter, additional tests should be 
made to show the effect of these changes. 
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(D) Harmonic distortion (I.R.E.) 

This test is intended to evaluate the spurious a-f harmonics which appear in the 
electric output of the radio receiver during normal operation. Care should be taken 
to avoid appreciable harmonic distortion occurring in any part of the signal-generating 
equipment, or in the output-measuring circuit. The required harmonic-measuring 
equipment in the output circuit should not appreciably affect the output load con- 
ditions. This equipment may measure each harmonic individually or may measure 
all harmonics collectively. The proper tuning of the receiver is important in making 
distortion tests. 

No one complete set of conditions can be prescribed for this test, because har- 
monic distortion depends on so many details of radio receiver design and operating 
conditions. Harmonic distortion is caused by overloading and many other pheno- 
mena, and is present under various operating conditions, especially at high degrees 
of modulation. The following series of tests is intended to show the effect of operating 
parameters on distortion. 

Variation of output. The receiver is tuned to 1000 kilocycles and a " mean- 
signal " input, modulated 30% at 400 cycles, is applied. The distortion is noted 
as the output of the receiver is varied by means of the volume control. 

Variation of modulation. With a " mean-signal " 1000-kilocycle, 400-cycle- 
modulated input, the modulation is varied from 10 to 100% and the distortion ob- 
served. The output is maintained at normal test output by the volume control for 
this test, or as near this value as possible. 

Variation of input signal level. With a 1000-kilocycle signal, modulated at 
400 cycles, the distortion at normal test output is noted as the input signal voltage is 
varied. This test is to be performed at both 30 % and 80 % modulation. It is usually 
sufficient to take distortion at the standard input levels which fall within the limits 
of the receiver. When a standard-signal level exceeds the limit of the receiver, a 
measurement should be made at that limit. 

Variation of modulation frequency. To disclose the effect of the modulation 
frequency on distortion, tests on variation of output and variation of modulation 
should be repeated at several modulation frequencies throughout the a-f range. The 
maximum modulation frequency at which harmonic distortion can be measured is 
one-half the maximum frequency which can produce any appreciable output. 

The harmonic distortion is measured across a standard dummy load and may be 
measured as either root-sum-square total harmonic distortion or each harmonic may 
be measured separately. It is expressed as the ratio of the harmonic voltage to the 
fundamental voltage either in per cent or decibels. 

Intermodulation measurements. Owing to the lack of signal generators 
suitable for a-f intermodulation work, these measurements are normally carried out 
only on the a-f end of radio receivers. See Sect. 3(ii)A of this chapter for details. 

(E) Maximum undistorted output (I.R.E.) 

" This test is intended to indicate the maximum power output which the receiver 
will deliver under given conditions, before appreciable overloading or other forms 
of distortion occur. The maximum undistorted output may be determined under 
given conditions by observing the total harmonic distortion, and continuously in- 
creasing the output from zero up to the least value which contains a total harmonic 
distortion of 10% (root-sum-square voltage). This value is designated the maximum 
undistorted output under the given conditions. 

The data should include a statement of the operating conditions, including which 
condition was varied in order to increase the output during this test. It is suggested 
that the volume control of the radio receiver be varied, the other conditions being 
unchanged during a single test and being chosen as suggested for the harmonic- 
distortion test. Freedom from distortion depends on the r-f input voltage and on 
the frequency and percentage of modulation. 

It is understood that there is no sharp dividing line between appreciable and negli- 
gible distortion. The figure of 10% has been chosen somewhat arbitrarily as a 
reasonable basis for the definition of maximum undistorted output as affected by all 
operations in the receiver." 
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(F) Automatic volume control 

The I.R.E. recommendation is to tune the receiver to a mean-signal input voltage 
400 c/s 30% modulated at 1000 Kc/s and to adjust the volume control so that with 
one volt input to the receiver the output is one half of the maximum power output. 
The output is then read as the input is varied from one microvolt to one volt. 

A disadvantage of this method is that the output readings for low inputs, from which 
much valuable information can be obtained, are carried out at very low levels (perhaps 
below 1 mW) and hum in the receiver output may be troublesome. 

Scroggie (Ref. 6) suggests beginning the a.v.c. curve with the volume control set 
at maximum and with the minimum input. Output readings are taken with in- 
creasing input until the output reaches one quarter of the maximum. It is then re- 
duced to one tenth of this value by means of the volume control and the input is further 
increased. This procedure is repeated until the maximum input is applied to the 
receiver. The sections of the curve are made continuous by the use of appropriate 
multiplying factors. This method has many advantages — Chapter 27 Sect. 3(xiv). 

Useful information can also be obtained from a noise curve plotted on the same 
sheet. The same procedure is adopted as for drawing the a.v.c. curve but the input 
carrier is unmodulated. 

Other information sometimes added to a.v.c. curves includes graphs of distortion, 
a.v.c. bias voltage and electrode current and dissipation for the controlled valves vs. 
input voltage, and it may be useful to draw a horizontal line across the a.v.c. curve 
(when drawn by Scroggie's method) at a level representing the nominal output of the 
receiver. Alternatively the maximum output of the receiver may be plotted. 

When the converter valve has a.v.c. applied to it, detuning of the signal may occur 
as the signal input is varied. This should be remedied by retuning the receiver with 
each input level change if necessary. 

(G) Noise 

The I.R.E. recommendation is that noise should be expressed as the equivalent- 
noise-sideband-input (ensi). An unmodulated input carrier of suitable strength, 
E t is applied to the receiver, and the noise output power P n is measured on a R.M.S.- 
reading instrument. A 400 c/s bandpass filter is connected between receiver and 
output meter, the carrier is 30% modulated at 400 c/s and the signal power output 
P, is measured. Then 

ensi == 0.3 E s ^PJP a . 
E s should be at least three times and preferably ten times greater than the computed 
noise voltage. 

Excessive low frequency hum components may usually be filtered out by the use 
of a 300 cycle low pass filter without materially affecting the random-noise output. 

An alternative method of specifying noise is by comparing the signal-to-noise ratio 
of a particular receiver with that of an ideal receiver, the difference being called the 
noise factor of the receiver in question. Ignoring any noise external to the receiving 
system, the only source of noise which is inseparable from an incoming signal is the 
thermal agitation noise due to the radiation resistance of the antenna. Thus a signal- 
to-noise ratio has its highest possible value when the noise due to the antenna radiation 
resistance is the only noise source in a receiving system. 

Where a signal voltage e ant is induced into an antenna of radiation resistance R anii 
maximum signal power is delivered to a receiver with an input resistance of R ant - 
This maximum power available from the antenna is 



e-f) a ^ 



4R ant 

Similarly the noise from the antenna available to the receiver is 
'«„„,. „V 1 4KTAFR a 



(€noise\ 
2 J 



X ^ = -4R ™ = KTAF > 
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where K = Boltzmann's constant = 1.38 x 10 -23 joule/degree Kelvin 

T = absolute temperature in degrees Kelvin 

F = bandwidth of system in cycles per second, 

and the signal to noise power ratio of an ideal system is 

e 2 
c ant 

4KTAFR ant 

The noise factor of an ideal receiver can thus be defined as the number of times 
by which the available signal power from the aerial must exceed KTAF in order to 
give unity ratio of available signal to noise power. 

The noise requirement for such an ideal receiver is that it must contain no internal 
sources of noise. It must also present an infinite impedance to the antenna so that 
there will be no loss of signal voltage. If for instance the input impedance of the 
receiver were to match the antenna impedance the voltage available to the receiver 
would be one half of the signal voltage induced into the antenna and this would be 
developed across one half of the antenna impedance due to the parallel connection 
of the antenna and the matching input circuit. Substitution of these factors in the 
expression above shows that in such a case the maximum noise factor obtainable is 
2, i.e. 3 db. 

Since the requirement for maximum power transfer is that the input impedance 
of the receiver should be equal to the antenna impedance, it is evident that the con- 
ditions for maximum gain are in general different from those for minimum noise. 
The best noise figure in practical receivers is obtained when the input impedance is 
intermediate between an open circuit and an impedance match with the antenna 
system. 

When noise calculations are being made the value T = 290 °K is commonly used 
as this gives KT the convenient value of 4 x 10 -21 . However, the effective tem- 
perature of the radiation resistance is subject to wide variations, and is affected by the 
surroundings with whichnhe antenna can exchange energy by radiation. For in- 
stance, the noise temperature of a highly directional micro-wave radar antenna pointed 
at the depths of space may be only slightly above absolute zero. On the other hand 
a directional 7 metre antenna pointed at parts of the Milky Way may have an effective 
temperature much higher than ambient. 

The noise factor of a receiver can be obtained by using a signal generator or a noise 
diode (see below). With a signal generator, difficulty is experienced in that the 
characteristic of the detector in the receiver may affect the ratio of signal power to 
noise power. If the detector is a true power sensitive device such as a thermocouple 
no error occurs, but with normal detectors error is introduced to a degree dependent 
on the variation between the assumed and the actual detection characteristic. 

On the other hand, if the signal generator is replaced by a noise diode, detector 
distortion can be ignored since the noise from the diode has the same spectrum as 
the noise from the antenna. 

The signal generator method is to apply the generator output to the receiver through 
a resistor R ant and to adjust the output until the indication at the receiver detector 
is twice that from noise alone. The noise factor is then obtained by calculation from 
the formula 

noise factor F = ^'/fR^ 

where e s .„. = voltage output of signal generator. 
Alternatively the anode current of a temperature limited diode (noise diode) can 
be used as a noise source. The diode is connected with suitable d.c. isolation across 
the receiver input, which is also shunted by a resistor equal in value to R ant - The 
d.c. anode current of the diode is then increased until the noise output of the receiver 
alone is doubled, and under these conditions the noise factor of the receiver is 
. 2eI b AFR\ nt 

nmco ¥ar**-nr 17 — 



lKTAFR ani 
where e — charge on an electron = 1.59 x 10 -19 coulombs 



37.1 (vi) (G) NOISE 1309 

and I b = diode plate current in amperes, 

therefore noise factor F = 20 J fc .R ant at 290 °K. 

A comparison of the two noise factor formulae shows a second advantage of the 
noise diode method, viz. : the receiver bandwidth need not be known. 

Additional information on noise factors will be found in Refs. 7, 8 and 9. 

(H) Hum 

Hum is a low pitched composite tone which may include a component at any 
integral multiple of the a-c power supply frequency. It may be due to the loud- 
speaker itself, to the a-f stages or to the r-f stages. 

When the field winding of a speaker is used for filtering, hum may appear in the 
voice coil even although some neutralizing is accomplished by connecting a hum- 
bucking coil in series with the voice coil. The I.R.E. recommendation is that this 
type of hum " should be measured in terms of the hum current through the loud- 
speaker voice coil itself, rather than in terms of the voltage across the loudspeaker, 
and the total hum calculated using this current and the loudspeaker voice coil im- 
pedance. The loudspeaker is connected in the normal manner to the radio receiver 
when the observations are made. The current measuring equipment should intro- 
duce into the voice coil an impedance which is negligible as compared with the voice 
coil impedance. In the case of a loudspeaker having a field coil carrying hum current, 
this procedure evaluates the combined effect of hum originating in the radio receiver 
itself and hum induced in the voice coil from the field coil, with due regard to their 
phase relations." 

" Hum from the a-f stage of the receiver should be measured 

(a) with the volume control at minimum, 

(b) with the volume control left at that setting which would produce normal test 
output with mean-signal input, but with the intermediate-frequency-ampli- 
fier circuits inactivated, as by-passing the last i-f plate to ground, 

(c) with the volume control at full volume and the i-f system inactivated. 

" In the case of phonograph combinations, a-f hum should also be measured with 
the phonograph pick-up connected to the a-f amplifier under the following conditions : 

(a) with the phonograph motor de-energized, the pick-up on the rest, and the 
volume control at minimum 

(b) same as (a) but with the volume control at maximum 

(c) with the volume control adjusted, while reproducing the outside 1000 cycle 
band on R.M.A. Frequency Test Record No. 1 to give normal test output, 
the needle then lifted not more than i inch above the record, with the motor 
still running." 

" Hum modulation is produced by hum sources which modulate a carrier being 
received, and its intensity generally increases with increasing carrier voltage. 

The hum-modulation test is intended to evaluate the hum components introduced 
in a radio receiver by hum disturbances modulating the received carrier. In order 
to measure hum modulation, as distinguished from a-f hum, the former is accentuated 
by the adjustments of the receiver. The receiver is tuned in the normal manner 
to each of the four standard input voltages at 1000 kilocycles. If the receiver has 
a tone control, it should be set in the " high " position. The volume control is first 
adjusted to give the normal test output with the given signal voltage modulated 30% 
at 400 cycles and the modulation is then reduced to zero. The hum is measured 
with the load and output-measuring equipment connected as in the electric-fidelity 
test, and is expressed in terms of reduction in decibels below standard test output." 

Hum distortion can also occur. It is identified as sidebands of frequencies 
differing from the audio frequency of modulation by an amount equal to the frequency 
of the hum disturbance causing the distortion. 

A typical design likely to introduce hum distortion is one in which the plate of the 
output valve is fed directly from the rectifier output (assuming a condenser-input 
filter). No specific test procedure for measuring this effect is given by the I.R.E. 
or R.M.A. but owing to its unpleasant effects it should be eliminated if this is possible. 
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Acoustical measurement of hum output is desirable but difficult by available 
methods. The results of the electric measurement must be interpreted with reference 
to electric- and acoustical-fidelity curves and the characteristics of audition. 
(I) Frequency shift (I.R.E.) 

" This test is intended to show the variation in the frequency of the oscillator of a 
superheterodyne receiver. The tests are normally performed with the receiver tuned 
to a frequency in the middle of each tuning range of the receiver. If observations 
under the worst conditions are desired, the receiver should be tuned to the highest 
frequency of each range. 

" The variation of frequency is observed with the aid of a beat note obtained be- 
tween the oscillator under test and another oscillator of constant frequency. For 
example, the frequency of the beat note may be observed by comparison with a cali- 
brated a-f oscillator. 

" (a) The frequency varies with time during the warming-up period of the receiver 
.... The time is measured from switching on the receiver but observations are 
ordinarily started one minute later. 

" (b) The frequency varies with power-supply voltage in a manner that depends 
on the rate of variation of this voltage. The major change occurs almost instantly 
following a change of the power voltage. Therefore the test is performed as quickly 
as possible to minimize other effects. In the case of operation from a 11 5- volt power 
line, the line voltage is varied at least between 105 and 130 volts and the resultant 
frequency shift is observed. The amount of frequency shift is expressed in cycles 
per 1 per cent change of power voltage, as an average value over the specified range of 
power-line voltage. 

" (c) If the receiver has automatic gain control, the variation of signal-input voltage 
affects the oscillator frequency indirectly by way of the control circuit. The frequency 
shift with variation of signal-input voltage is observed after the receiver has been in 
operation a sufficient length of time to reach temperature stability." 
(J) Spurious response (I.R.E.) 

" With the radio receiver tuned to each of the test frequencies, the signal generator 
should be continuously varied over a wide frequency range to discover if the receiver 
is simultaneously resonant at frequencies other than the test frequency. These other 
resonant frequencies are called spurious-response frequencies and are most often 
found in superheterodyne receivers. Each spurious-response frequency is noted and 
the spurious-response sensitivity-test input is measured as in the sensitivity test, 
provided it is smaller than 1 volt. Its ratio to the desired-signal sensitivity-test input 
may be computed, and is called the spurious-response ratio." 

" Care should be taken that the harmonic output of the signal generator is attenu- 
ated sufficiently not to affect the observation of the spurious response of the receiver." 

Image response. " A superheterodyne receiver is generally responsive to two 
frequencies whose difference from the local-oscillator frequency is equal to the inter- 
mediate frequency. One of these (usually the lower) is the desired-signal frequency, 
and the other is called the image frequency. This is a special case of spurious- 
response frequency, and is tested as such. Its observed characteristics are referred 
to as ' image-sensitivity test input ' and ' image ratio.' " 

Intermediate-frequency response. " Another special case of a spurious- 
response frequency in a superheterodyne receiver is that due to the sensitivity to an 
intermediate-frequency signal input. The test procedure is the same as for other 
spurious responses, and the observed characteristics are referred to as the intermediate- 
frequency-response sensitivity and the intermediate-frequency-response ratio." 
(K) Noise audibility (I.R.E.) 

" The actual audibility of random noise, hum, and miscellaneous noise is best 
determined by a listening test. Such observations are not capable of precision, but 
are fundamentally sound, as distinguished from less direct electrical observations. 
The completely assembled and operating radio receiver is placed in a quiet room, and 
an experienced observer with normal hearing notes the greatest distance at which 
the noise is audible under stated conditions. The distance is used to express the 
audibility of the noise. The room is preferably large, or treated to minimize rever- 
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beration. This method takes into account noise produced both by loudspeaker 
radiation and by mechanical vibration of parts. A brief description of the sound 
heard is useful, in addition to the audibility observation. Obviously, this method 
is suited only for observing a small amount of noise, audible for only a short distance. 

The noise-audibility test is intended to evaluate collectively random noise and hum 
under operating conditions. The radio receiver is tuned in the normal manner to 
each of the four standard input voltages at 1000 kilocycles. If the receiver has a tone 
control, it is set in the ' high ' position. The volume control is adjusted to give 
normal test output with the signal modulated 30% at 400 cycles, and then the modu- 
lation is reduced to zero. The audibility of the remaining noise is then observed. 
The residual noise audibility is likewise observed, with no signal and with the volume 
control set at minimum." 
(L) Radiation from local oscillator (I.R.E.) 

" A local oscillator, such as is employed in a superheterodyne receiver, may radiate 
sufficient power to cause interference in other radio receivers operating in die same 
neighbourhood. Such radiation may be caused by coupling to the antenna, power 
line, or other external leads, or by incomplete shielding of the oscillator and the cir- 
cuits coupled thereto. 

The receiver is connected to its proper antenna, and the electric- and magnetic- 
field intensity in the neighbourhood is observed by any of the known methods. There 
is no simple form for expressing the results. (The recommendation for local oscillator 
radiation in F-M receivers is that results are to be expressed in field intensity as a 
function of distance from the receiver under test. Observations are made at least 
at the middle frequency of each tuning band, and preferably at the extreme frequencies 
of each band." 
(M) Microphony 

Microphony troubles are of two main types, audio frequency only and those in- 
volving radio frequencies. A convenient test to apply for the first type — which might 
be due to feedback between the speaker and a pick-up mounted in the same cabinet 
for instance — is to feed the receiver into a dummy load with an output meter across 
it, and excite the speaker, mounted in its normal position by means of a variable a-f 
oscillator. 

The pick-up is allowed to stand on a stationary record and a tendency to micro- 
phony is indicated by appreciable output across the dummy load at any particular 
frequency. When the voltage across the dummy load equals the voltage across the 
speaker, microphony would occur (assuming equal speaker and dummy load im- 
pedance at the frequency concerned). Another speaker can be used instead of a 
dummy load if desired, so long as no sound from this speaker reaches the receiver. 

This test has the advantage of indicating the margin available in a particular model 
before sustained microphony will be experienced. It can also be used for types of 
microphony involving radio frequencies, but owing to the increased number of pos- 
sible variables it loses some of its advantages. Tests outlined in (O) 1 below may 
be used for r-f microphony. 
(N) Phonograph combinations (I.R.E.) 

" In addition to the above tests on radio receivers, there are several special tests 
which reveal useful information on the operation of the phonograph portion of com- 
bination receivers ... In addition to hum, the following characteristics should be 
measured : 

(1) Electric fidelity 

(2) Rumble 

(3) Maximum output 

(4) " Wow " or flutter. 

Definitions of these characteristics, with methods of measurements, are given below. 

(1) Fidelity. The fidelity of a phonograph reproducer corresponds to the a-f 
fidelity described in Sect. l(vi)C of this chapter except that RMA Frequency Test 
Record No. 1 is used instead of a modulated carrier. This RMA Frequency Test 
Record No. 1 contains, on side A, a gliding frequency from 10 000 to 30 cycles for 
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usual nominal level testing. Side B contains five 1000-cycle bands, recorded at 
0, 2, 4, 6 and 8 decibels above the 1000-cycle reference on side A, and a gliding fre- 
quency 6 to 8 decibels above side A in the range between 3000 and 30 cycles for 
checking pickup tracking at various levels. 

In making the fidelity test, side A is used, and the output is first set at standard 
output using the outside 1000-cycle band. Readings of output are then made at all 
announced frequencies, including the 1000-cycle bands at start and finish. 

Suitable correction usually must be made for noise resulting from needle scratch 
to provide accurate data above 1000 cycles. 

(2) Rumble. Rumble is a low-frequency tone or series of random pulses gener- 
ated at the phonograph pickup as a result of vibrations of the record player. It is 
generally a maximum when the needle is near the outside of a 12-inch record. 

Rumble is measured with the load and output-measuring equipment connected 
as in the electric-fidelity test, except that a low-pass filter is used with a sharp cutoff 
at 300 cycles. The measuring equipment should have low wave-form error. 

Side A of the test record is also used in this test. The volume control is adjusted 
to give normal test output while reproducing the outside 1000-cycle band and with 
the low-pass filter disconnected. The filter is then reconnected and measurements 
made of rumble components while the needle is in the region between the 1000-cycle 
tone and the 10 000-cycle tone. 

In some cases, a particular ramble frequency may predominate, resulting from motor 
vibration or pickup-arm resonance. Measurements of such a frequency may be 
accomplished by means of a tuned filter or harmonic analyzer. 

(3) Maximum output. The maximum audio output on phonograph may be less 
than that obtained on radio, because of the absence of automatic-gain-control voltage 
which normally causes a rise in plate and screen voltages in the audio amplifier. 

The test is made by reproducing the 1000-cycle tone on side A of the test record 
and adjusting the volume control to produce maximum output. The measuring 
equipment used must give an accurate indication of root-sum-square independent 
of wave form. 

(4) ' Wow ' or flutter. ' Wow ' or flutter is caused by minute imperfections 
in the motor and/or transmission means used to drive the phonograph turntable ; 
and, if present to an appreciable extent, may noticeably impair the quality of repro- 
duction. It is usually evident when a steady note is being reproduced, such as the 
1000-cycle band, and evidences itself as a cyclic variation in pitch ; hence the name 
* wow.' While there is no great distinction between ' wow ' and flutter, the former 
is usually applied to very low cyclic variation, the latter to the more rapid type. 

' Wow ' or flutter is measured as a percentage of root-mean-square deviation in 
frequency of a tone to the average frequency. Special equipment is required to 
make such a measurement, this equipment being capable of responding uniformly to 
all flutter rates up to 200 cycles, and of measuring to a precision of 0.02% flutter. 

Care should be exercised to insure that the method of measurement permits normal 
conditions to exist as when playing a commercial pressing." 
(O) Miscellaneous 

(1) Tuning tests 

Some receivers which perform well when tuned to a station exhibit undesirable 
characteristics while being tuned. A test which shows up most of these effects is 
to tune in unmodulated signals of varying strengths up to the maximum liable to be 
encountered in service, moving the tuning control slowly and also as rapidly as pos- 
sible. The volume control should be at its maximum setting, and the test should be 
repeated at the high and low frequency end of each wave range, and also with modu- 
lated signals. 

Faults which are liable to be discovered are squeaks as the receiver is tuned rapidly 
through the sidebands of a signal, flutter on short-waves (and sometimes medium- 
waves) with slow tuning, microphony, or a rapid variation in the tuning rate near the 
carrier frequency on short waves due to varying electrode potentials or capacitances 
affecting the oscillator frequency. This should not be taken as a complete iist of 
possible faults and any unusual effect should be investigated. 
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Other tests should be made with different aerial lengths (including very short 
aerials, and none) and signals tuned in all sections of the tuning range. Regeneration 
at the low frequency end of the broadcast band, particularly when a short aerial is 
placed as closely as possible to the second detector, and oscillation on the short-wave 
band with no aerial are possibilities in this case. 
(2) Dry battery receiver tests 

A set of batteries which has been discharged by normal use to a required low voltage 
should be used to test battery receivers at least for sensitivity, power output, stability 
and oscillator grid current (using a valve on the low limit of oscillator mutual con- 
ductance). 

The requirement that the batteries should be discharged by normal use is necessary 
since rapid discharge gives a lower value of internal resistance. To simulate a dis- 
charged battery by means of added resistance, fresh heavy duty batteries can be tapped 
and the following table (Ref. 21) used. 

Resistance Required to Simulate Discharged Radio " B " Batteries. 



Volts per 22* volt section 


Resistance per 


22* volt section 


Farm type batteries 


Portable type batteries 


22* 

20 

17 

15 

12 


ohms 

10 ohms 

50 ohms 

110 ohms 

250 ohms 


45 ohms 

60 ohms 

110 ohms 

175 ohms 

330 ohms 



The following points are important. First, only fresh heavy-duty batteries should 
be used, their resistance being negligible. Second, if intermediate voltage taps are 
used the added resistance must be distributed between the taps in proportion to their 
respective voltages. Third, voltage readings should be taken only under load and 
across the battery cable terminals to include the voltage drop of the load current 
through the added resistances. 

Battery end-of-life tests can be carried out in accordance with R.M.A. (U.S.A.) 
specifications M4-431 and M4-432 at 1.1 volts per cell for the A battery and 17, 15 
and 12 volts per 22* volt section for the B battery. 

The lowest filament voltages used for testing battery valves by valve manufacturers 
are 1.1 volts for 1.4 volt valves and 1.7 volts for 2 volt valves. Below these voltages, 
performance may not be consistent. 

(3) Interference tests 

A suitable test for vibrator operation is to wrap a short lead around the battery cable 
and battery, connect one end of the lead to the aerial terminal of the receiver and check 
for interference throughout the tuning range of the receiver at maximum sensitivity. 
In a well designed receiver no interference will be heard. 

Car-radio interference tests can be arranged using appropriate parts from the igni- 
tion system of a car, but such tests give no guarantee of interference-free reception 
from the receiver installed in a car. 

The R.M.A. Standard REC-11 reads as follows :— 
Chassis Pickup of Vehicular Receivers. 

Vehicular receivers shall be considered as complying with the principles of good 
engineering practice if, when installed according to the manufacturers' instructions 
and using materials supplied by the manufacturer, there is no perceptible chassis 
pick-up with any setting of the user controls. 

" Chassis pick-up " is defined as the interference arriving in the vehicular receiver 
other than through the antenna. 

" Perceptible " is defined as the difference in the noise output of the receiver with 
the engine running and with it stopped. 
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Testing for chassis pickup shall be done by replacing the antenna of the installed 
receiver by an antenna equivalent, adequately shielded and grounded ; the antenna 
trimmer of the receiver shall be tuned for resonance at the normal aligning frequencies ; 
and observation made of any perceptible noise output. 
(4) Distortion 

Causes of distortion may be present in a receiver and remain undetected in spite of 
reasonably thorough testing with instruments. One such type of distortion occurs 
with insufficient capacitance by-passing a.v.c. lines, which results in low frequency 
intermodulation or perhaps hum modulation in a back-biased receiver. Another 
may be due to simultaneous high modulation levels and high signal strengths, and 
another may be the hum distortion mentioned in (H) above which is easily missed. 
Because of this, testing is not completed until critical listening to broadcasting stations 
over a period of time has shown that such faults are not present. 
(P) Acoustical tests 

Refs. 1, 2 and 5 should be consulted. 



SECTION 2 : F-M RECEIVERS 

(*') Definitions («) Testing apparatus («V) Test procedures and operating con- 
ditions (iv) Receiver adjustments (v) Performance tests. 

(i) Definitions 

The information presented in this section, except where otherwise stated, is taken 
from the " Methods of Testing Frequency-Modulation Broadcast Receivers, 1947," 
Standard on Radio Receivers (Ref. 12), published by the Institute of Radio Engineers. 
Additional F-M information is available from the " Standards of Good Engineering 
Practice Concerning FM Broadcast Stations " published by the Federal Communica- 
tions Commission in 1945. 

(A) The three standard test frequencies are 88, 98 and 108 Mc/s. When only 
one frequency is used for testing it should be 98 Mc/s. 

(B) The five standard input values may be expressed in terms of available power 
or of input voltage. The available power is that delivered by a generator to a matched 
load and is equal to E 2 /4R where E is the equivalent open-circuit voltage of the genera- 
tor and R is the internal resistance of the generator (including the dummy-antenna 
resistance). 

Five standard input values are specified, the voltage and power figures being equiva- 
lent when the receiver has an input impedance of 300 ohms and R is 300 ohms. 

(a) Standard Input Powers 

(1) 130 decibels below 1 watt 

(2) 110 decibels below 1 watt 

(3) 90 decibels below 1 watt 

(4) 50 decibels below 1 watt 

(5) 30 decibels below 1 watt 

(b) Standard Input Voltages 

(1) 11 microvolts 

(2) 110 microvolts 

(3) 1100 microvolts 

(4) 110 000 microvolts 

(5) 1.1 volts. 

(c) The standard mean-signal input is either 90 decibels below 1 watt, or 1100 
microvolts. 

(C) The standard test modulation is a deviation at 400 c/s of 22$ Kc/s (30% 
of maximum deviation). 
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(D) The standard test output is as set out from the I.R.E. Standards for A-M 
Receivers in Sect. l(ii)C of this chapter. 

(E) The maximum undistorted output is as set out from the I.R.E. Standards 
for A-M Receivers in Sect. l(ii)D of this chapter. 

(F) The standard 300-ohm antenna comprises a pair of resistors, one connected 
in series with each terminal of the signal generator, of such value that the total im- 
pedance between terminals, including the signal generator, is 300 ohms (Fig. 37.2). 
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Fig. 37.2. Standard v-h-f 
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of connection {from Ref. 
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(G) The standard pre-emphasis characteristic has a rising response with 
modulating frequency, equivalent to that provided by a single circuit in the modulating 
source having a time constant of 75 microseconds. The characteristic may be ob- 
tained by taking the voltage across an inductor and a resistor connected in series and 
fed with constant current. The inductance in henries is 0.000 075 times the resistance 
in ohms. 

(H) The standard de-emphasis characteristic has a falling response with 
modulation frequency, the inverse of the standard pre-emphasis characteristic, equiva- 
lent to that provided by a simple circuit having a time constant of 75 microseconds. 
The characteristic may be obtained by taking the voltage across a capacitor and a 
resistor connected in parallel and fed with constant current. The capacitance in 
farads is equal to 13 333 divided by the resistance in ohms. The standard de-emphasis 
characteristic is usually incorporated in the audio circuits of the receiver. 

(ii) Testing apparatus 

(A) "A frequency-modulated signal generator is required for testing fre- 
quency-modulation radio receivers. 

The signal generator should cover at least the carrier-frequency range from 88 to 
108 megacycles. It preferably also covers the intermediate-frequency range and fre- 
quency ranges required for spurious-response tests. 

The generator output should be controlled by a calibrated attenuator, and the out- 
put should be adjustable over a range of at least 1 microvolt to 100 000 microvolts, 
and preferably from 0.1 microvolt to 1.1 volts. Balanced output terminals should 
be provided for the radio-frequency ranges, and single-sided output terminals for the 
intermediate-frequency range. It may be desirable to provide single-sided output 
terminals for the radio-frequency range also All of these terminals should be pro- 
vided at the end of a flexible cable. 

The output meter of the signal generator should indicate the open-circuit voltage 
at the terminals, and the internal impedance should be stated. 

The generator should be capable of being frequency-modulated at rates from 30 
to at least 15 000 cycles per second, and at deviations from zero to at least rated system 
deviation and preferably to twice that value. It should be provided with a deviation 
indicator reading from not more than 5 kilocycles up to the maximum deviation. 

The modulation circuit of the generator should be provided with a standard pre- 
emphasis network. A switch should be provided for cutting this pre-emphasis net- 
work in or out of the generator circuit at will. 

The generator should provide a frequency-modulated signal at 400 cycles up to 
maximum rated system deviation with less than 2%, and preferably less than 1% 
(root-sum-square) distortion. Amplitude modulation resulting from the frequency 
modulation should be kept to a minimum. 
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The frequency and amplitude modulation of the output voltage due to power- 
supply ripple should be negligible, in comparison with the effects under observation. 
The proper connection of a balanced-output signal generator for testing a balanced 
receiver is shown in Fig. 37.2." 

(B) Audio-output and distortion-measuring devices are the same as those 
required for the testing of amplitude modulation receivers. See Sect, l(iii) of this 
chapter. 

(C) Two-signal tests are carried out using two signal generators and dummy 
antennas of twice the standard 300 ohms value with each generator as shown in Fig. 
37.3. The output terminals of the two dummy antennas are then connected in parallel 
and to the input terminals of the receiver. With this connection the impedance 
connected across the receiver input terminals is the normal value and the open-circuit 
signal voltages are half the values indicated by each generator. 

(D) A standard-signal generator for amplitude-suppression testing should 
be capable of simultaneous 400 c/s amplitude modulation and 1000 c/s frequency 
modulation with preferably less than 1 % of incidental frequency modulation in the 
amplitude modulation process. Alternatively two signal generators may be used, 
connected as described above, but precautions must be taken that the beat note be- 
tween the two carriers does not influence the undesired output and that the amplitude 
modulated generator is free of incidental frequency modulation. 
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Fig. 37.3. Standard v-h-f dummy antenna for two-signal test and method of connection 

(from Ref. 12). 

(iii) Test procedures and operating conditions 

(A) Input measurements are made through a standard 300-ohm dummy antenna 
on receivers designed for a balanced antenna. If only a single-sided signal-generator 
output is available, one terminal of the input circuit of the receiver is connected to 
the grounded terminal of the generator output circuit, and the correct value of dummy 
antenna resistance must be used. 

There are two simple tests for imbalance, the balanced receiver input coil can be 
reversed, or the power-line connection for either the receiver or the signal generator 
is moved to a different oudet. Any change in the sensitivity observed on alternating 
these connections indicates an error due to unbalance. 

(B) Output measurements are made as described in Sect. l(iv)A of this chapter. 

(C) Operating conditions are similar to those in Sect. l(iv)B of this chapter. 

(iv) Receiver adjustments 

The tuning control is adjusted until the desired a-f output is obtained either 
with the least possible r-f input power or with the lowest possible setting of the volume 
control. This is an approximate adjustment. 

A receiver for frequency-modvuated waves is tuned accurately to a desired signal 
by first tuning it approximately and then adjusting the tuning controls until either 
the undesired noise is a minimum or the harmonic distortion of the demodulated 
desired signal is a minimum. In many receivers these two tuning positions coincide. 
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When they do not coincide it should be stated whether the tuning is for minimum 
noise or for minimum distortion. 

A simple method of tuning for minimum distortion in many receivers is by observ- 
ing the audio wave form on a cathode ray oscilloscope while increasing the deviation 
somewhat beyond 100%. 

The tone control is adjusted to give maximum modulation-frequency output 
unless otherwise specified. 

(v) Performance tests 

(A) Sensitivity 

There are three sensitivity values of general interest in relation to frequency- 
modulation receivers. Each gives information as to the usefulness of the receiver, 
and in expressing results the type of sensitivity should be specified. 

The maximum sensitivity is measured with the signal generator connected to 
the receiver through the dummy antenna. The receiver controls are adjusted for 
greatest sensitivity, and the output of the generator, which is modulated 30% (22 \ 
Kc/s) at 400 c/s, is adjusted to obtain standard test output from the receiver. 

When the tuning for minimum noise does not coincide with that for minimum 
distortion, the above test and the following test should be repeated with the receiver 
tuned for minimum noise. 

The maximum-deviation sensitivity is measured by applying to the receiver 
a strong signal-input modulated 100% (75 Kc/s) at 400 c/s, tuning the receiver for 
minimum distortion and adjusting the receiver volume control to give standard out- 
put. The output distortion should be observed and the signal input reduced, keeping 
the indicated receiver output constant by readjusting the volume control if necessary, 
until the Output distortion increases to i0%, or until the input is below that required 
for standard output. The signal input at which the distortion reaches 10% is the 
maximum-deviation sensitivity input and is expressed in decibels below 1 watt or in 
microvolts. 

The deviation sensitivity is measured with the receiver volume control at maxi- 
mum and with the standard mean-signal input (1100 fiV) applied. The generator 
is modulated at 400 c/s and the deviation adjusted to the value which gives standard 
test output. The value of deviation required is the deviation sensitivity, and it is 
expressed in Kc/s or as a percentage of rated system deviation. 

The quieting-signal sensitivity is measured by applying a signal of mean value, 
30% modulated at 400 c/s, to the receiver with the volume control adjusted to give a 
convenient output below audio overload. The modulation should then be switched 
off and the signal intensity reduced to the least value which will produce a 30 db 
rise in indicated output with standard test modulation as compared with the indicated 
output with the unmodulated carrier. The results are expressed in decibels below 
1 watt, or in microvolts. 

(B) Co-channel interference 

This test is intended to show the effect of an interfering signal of the same fre- 
quency as the desired signal, and includes the inherent effect of the detector, the 
limiter and the automatic volume control. 

Two signal generators are required, only one of which need be capable of frequency 
modulation. The outputs of both are applied simultaneously to the receiver under 
test at the mean carrier frequency of 98 Mc/s. 

With the desired signal frequency having standard test modulation and an intensity 
equal to one of the standard input values, the a-f output of the receiver is adjusted 
by means of the volume control to the standard test output. 

The modulation of the desired signal is then removed, keeping the intensity of its 
carrier unchanged, the interfering signal, frequency-modulated 30 % at 400 c/s, is 
turned on and the output of the receiver read as the level of the interfering signal is 
increased from zero to 1 volt or more. 

The result of the test includes the effects of both the cross-talk and the beat-note 
components of the interference. If the results are desired for the cross-talk only, 
a 400 c/s filter is used in the output. 
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The co-channel interference characteristic may be expressed as the interfering- 
signal input, in decibels below the desired-signal input, which produces an output 
30 decibels below the standard test output 

(C) Masking interference 

The masking effect of an unmodulated interfering signal is obtained by a test similar 
to that for the co-channel interference but with the desired signal 30% modulated at 
400 c/s and with the interfering signal unmodulated. The output signal is noted 
as the level of the interfering signal is increased from zero. 

(D) Selectivity 

Test conditions are similar to those described for the co-channel interference test 
[(B) above] except that the interfering signal generator is separated in frequency 
from the desired signal by one standard channel separation. 

The desired signal, unmodulated, is applied at the lowest value of standard input 
and the output of the receiver is recorded as the level of the interfering signal, fre- 
quency modulated 30% at 400 c/s, is varied from zero to a value capable of producing 
standard test output. This procedure is repeated for all values of standard test input. 
The measurements are then repeated with the interfering signal generator separated 
from the desired signal by twice the standard channel separation. 

The adjacent-channel and second-channel interference may be expressed as the 
interfering signal input which produces an output 30 decibels below the standard 
test output. 

(E) Amplitude-modulation suppression 

This test measures the suppression of amplitude modulation which may be present 
in a frequency modulated signal. It is carried out at the standard mean carrier fre- 
quency. The frequency modulation is at a 1000 c/s rate with a deviation of 30% 
of maximum system deviation. The standard mean input-signal value having this 
modulation is applied to the receiver in the usual manner. The volume control is 
adjusted to produce standard output. The input signal is then amplitude-modulated 
at 400 c/s and 30% modulation. The intensity of the undesired output of the re- 
ceiver is measured by filtering out the 1000 c/s frequency. 

The amplitude suppression is the ratio of the undesired output to standard test 
output expressed in decibels. In order to determine the variation of amplitude- 
modulation suppression with input, the test is repeated with the other standard input- 
signal values. 

(F) Electric fidelity (frequency response) 

Methods similar to those for A-M receivers [Sect. l(vi)C of this chapter] are used 
at the standard mean carrier frequency and with a standard mean signal input. The 
standard pre-emphasis characteristic is employed in the standard-signal generator 
and the modulating voltage is to be maintained constant at that value which provides 
a modulation of 30% of maximum rated system deviation when the modulation fre- 
quency is 400 c/s. 

(G) Harmonic distortion 

The tests are similar to those used for A-M receivers [Sect. l(vi)D of this chapter] 
but variation of input signal testing is recommended with 30% and 100% of maximum 
rated system deviation. In addition there is a deviation distortion test. 

The maximum-deviation distortion test is the measurement of the distortion 
due to inadequate bandwidth and/or inadequate amplitude-modulation rejection. 
It is measured at 98 Mc/s with the signal generator connected to the receiver through 
the 300-ohm dummy antenna. Distortion at standard test output is measured at 
full system deviation over the range from maximum sensitivity levels to 30 decibels 
below 1 watt. 
(H) Maximum undistorted output 

As for A-M receivers — Sect. l(vi)E of this chapter. 
(I) Automatic-volume-control characteristic 

This test is similar, except for carrier frequency, to the I.R.E. test for A-M receivers 
— Sect. l(vi)F of this chapter. 
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(J) Spurious responses 

The testing of F-M receivers for spurious responses is carried out in a similar 
manner to that specified for the tuning of A-M receivers — Sect. l(vi)J of this chapter. 
However spurious response sensitivity test inputs up to 1.1 volts are recorded and an 
additional intermediate frequency response test is specified. 

The procedure is to inject the intermediate-frequency test input signal, amplitude 
modulated 30%, between the two antenna terminals of the receiver, connected in 
parallel, and ground, through a standard 300-ohm dummy antenna. The frequency 
of the test signal is adjusted for maximum receiver output. 

(K) Hum 

Hum in F-M receivers has similar characteristics to hum in A-M receivers, and is 
measured in the same way — See Sect. l(vi)H of this chapter. 

(L) Noise audibility 

The noise audibility test for F-M receivers is the same as that for A-M receivers — 
Sect. l(vi)K of this chapter. 

(M) Tuning characteristic test 

The tuning characteristic shows the variation in audio output of the receiver as it 
is tuned through a signal. This characteristic is of importance in frequency-modula- 
tion receivers since they may have spurious output responses adjacent to the correct 
tuning point. The effect is usually more easily measured byrvariation of the signal- 
generator frequency than by variation of receiver tuning, since the signal generator 
usually has better frequency control and calibration than the receiver. 

The receiver is tuned to the mean carrier frequency for each standard input signal 
value with standard test modulation and the volume control adjusted to standard out- 
put. The output is then measured as the signal is detuned to each side of the carrier 
frequency. A tuning curve is plotted for each signal input value (Fig. 37.4^ 




+200 +400 
Kilocycles /Sec. 

A— Tnput power 130 decibels below I watt 
B -Input power 110 decibels below I watt 
C- Input power 90 decibels below I watt 
D- Input power 50 decibels below I watt 
E— Input power 30 decibels below I watt 

FIG. 37.4 

Fig. 31 A. Tuning characteristics {from Ref. 12). 

(N) Frequency drift 

This test is carried out in the same way as that for frequency shift in A-M receivers 
— Sect. l(vi)I of this chapter— except that it is to be performed at the standard signal 
carrier frequency. 

(O) Low-frequency instability 

This test is intended to evaluate the limiting conditions for unstable operation of 
the receiver as affected by low frequency feed-back which may be electrical or acoustical 
in nature, and which may involve both carrier frequency and audio frequency and 
the audio-frequency circuits. At any given frequency, the variables employed to 
induce instability are the signal-input power, the tuning control, the manual volume 
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control and tone control, the modulation frequency and degree of modulation, and, 
in battery receivers, the age and condition of the batteries. All parts of the receiver, 
including the loudspeaker, are mounted in their normal relations. 

The test is performed at the standard test frequencies. The receiver is tuned to a 
modulated test signal, after which the modulation is switched off. The conditions 
most conducive to the detection of any tendency to instability are found by trial. It 
is suggested that the frequency of the signal be varied manually over a range of about 
100 Kc/s above and below the normal test frequency as the test input power is varied 
from zero to a maximum of 0.01 watt. An observation is made of the maximum 
signal-input power at which any unstable operation appears. The maximum of 
such input power is also recorded if less than 0.01 watt. 

(P) Radiation from local oscillator 

Tests are made in a manner similar to that for the A-M receiver tests — Sect. l(vi)L 
of this chapter. Observations are made with the receiver tuned to each of the stan- 
dard test frequencies. Results are expressed in field intensity as a function of dis- 
tance from the receiver under test. 

(Q) Mistiming 

The degree of mistuning is represented by the total signal output distortion re- 
sulting when the receiver is adjusted to a frequency other than the desired signal fre- 
quency. The measurement is made by setting the signal generator to standard input 
voltages successively, modulating the signal generator to 75 kc deviation at standard 
test output. The signal generator is then adjusted off tune by successive increments, 
the volume control is adjusted for standard test output, and the total distortion in 
per cent (or db) is measured. For each value of input signal a curve is plotted, having 
as abscissa the frequency difference of detuning, and as ordinate the distortion ex- 
pressed in per cent, or db. Distortion components will comprise all frequencies pre- 
sent except the fundamental frequency of the modulating tone. In these tests the 
signal generator is adjusted off tune on each side of the signal frequency. 

The standard measurement will comprise setting the signal generator on each side 
of the signal frequency and noting the amount of mistuning that will produce 10% 
distortion, expressing the degree of mistuning as the average of the measured plus and 
minus frequency excursions. The signal input for this test shall be the standard 
mean signal input (1100 microvolts). 

This mistuning test should be correlated with the frequency drift test — Sect. 2(v)N. 

(R) Downward modulation 

This test will define the ability of the receiver to withstand the effects of downward 
amplitude modulation. In this test it is assumed that the principal forms of dis- 
tortion are caused by the downward component of modulation. 

The test is made at the standard mean-carrier frequency (98 megacycles). Fre- 
quency modulation is impressed at a 400-cycle modulation rate at 30% of maximum 
rated system deviation and the volume control is adjusted for standard output. The 
input signal is then simultaneously amplitude modulated at a 100-cycle rate. By 
means of a band cut-off filter, the 100-cycle modulation is eliminated in the receiver 
output. The amplitude modulation is then increased until the total distortion reaches 
10%. The percentage modulation at this point is the downward modulation capa- 
bility of the receiver. The test is made at all values of standard input signal voltages. 

(S) Open field method of measurement of spurious radiation from frequency 
modulation and television broadcast receivers 

See I.R.E. Standard (Ref. 41). 
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SECTION 3 : AUDIO FREQUENCY AMPLIFIERS 

(*") Equipment and measurements (it) Tests. 

(i) Equipment and measurements 

The equipment already specified for testing the a-f end of a radio receiver is sufficient 
for the testing of a-f amplifiers. There are however additional tests commonly used 
in the design of a-f amplifiers and these tests need more instruments. 

Intermodulation testing requires at least another a-f signal generator, and equip- 
ment is available (Refs. 19, 22 and 27) which is specifically designed for the purpose. 
The technique of square-wave testing (Refs. 16 and 20) also needs an appropriate 
generator as do similar techniques using other wave shapes (Ref. 18). 

Measurements of voltage, current, dissipation and heating differ if at all only in 
the higher values found in high-power a-f amplifiers and the appropriate parts of 
Section 1 of this chapter are applicable. 

(ii) Tests 

The American R.M.A. Standard SE-101-A on Amplifiers for Sound Equipment 
gives details of tests for noise level, amplifier gain, amplifier frequency response* 
distortion and power output. The following conditions of measurement apply to 
each of the tests mentioned. 

" The amplifier shall be operated at its rated power supply voltage and frequency. 
When a range of line voltage values is indicated for specified power input terminals, 
the arithmetic mean of the voltages specified for this range shall be applied except 
when R.M.A. standard M3-217* applies. The frequency of the power supply shall 
be within ± 2% of the lowest frequency specified. The rms harmonic voltage of 
the power supply voltage shall not exceed 10%. 

Manufacturers of amplifiers designed to work from crystal microphones or other 
capacitive devices and photocells, may provide additional ratings based on the stated 
source impedance applicable to condition of use. 

" The input and output shall be terminatedt in pure resistance equivalent to the 
rating impedance within ±5%. Grounding of the circuits and chassis shall be as 
normally used. 

" The gain control shall be adjusted to give a maximum gain " (except when 
measuring noise and frequency response when it is set to give maximum noise and to 
reduce the gain 6 db below maximum respectively) " and any other controls shall be 
adjusted to give the most nearly uniform frequency response. 

" The measurements shall be made after the amplifier has been operated for not 
less than one hour at an output 6 db less than the rated output at 400 cps, and at a 
room temperature of not less than 20 °C." 

The vacuum tubes used shall be selected to have the rated values of those charac- 
teristics which particularly affect the amplifier characteristic under test. 

(A) Amplifier distortion 

Definition (R.M.A. standard SE-101-A) : — " Amplifier distortion is the difference 
between the harmonic content of the voltage at the output terminals and that of the 
input voltage expressed as a percentage of the total rms output voltage " 

Additional test conditions are : — 

" Three distortion measurements shall be made with signals having frequencies 
of 100, 400 and 5000 cps applied to the input terminals. The harmonic content of 
these signals shall inappreciably affect the distortion of the amplifier. 

" A distortion factor meter shall be used that is capable of filtering out or suppress- 
ing the fundamental frequency with respect to its harmonics by at least 60 db, without 
affecting the phase or amplitude of the generated distortion." 

*R.M.A. Standard M3-217 states " When no means for adapting an electric radio receiver to the line 
voltage is provided, it shall be standard to adjust the secondary voltages so that the filaments and heaters 
of tubes are supplied with rated voltage when a line voltage of 117 volts is applied to the receivers." 

•(The input is effectively a low-impedance generator in series with a resistance equal to the rating 
source impedance. See Fig. 19.3. 
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If the amplitude of individual harmonics is measured and the distortion is small, 
the percentage of total harmonic distortion is given approximately by 

Dm V(H,%)« + (H 3 %) 2 + . . . 
where H 2 = second harmonic percentage, etc. 
with an error not exceeding 1 % if D does not exceed 10% — see Chapter 14 Sect. 2(iv). 

A knowledge of the manner in which distortion decreases as output is reduced is 
desirable. Amplifiers with a large amount of feedback usually have very little dis- 
tortion until the output is almost a maximum, but a class B amplifier may even give 
increased distortion with decreased output. 

A simple test which can be used as an indication of freedom from distortion at 
low levels is the plotting of a linearity curve, i.e. a graph of input voltage against 
output voltage. Over the range of output for which the curve is a straight line the 
amplifier can be assumed to have a low distortion level. However in many cases the 
graph is curved almost from the zero point. 

Intermodulation measurements are made with two signals applied to an am- 
plifier through a suitable mixing network (e.g. bridge), either from separate a-f oscilla- 
tors or from a combined unit designed for intermodulation testing. The usual 
procedure is for one frequency to be low (40, 60, 100, 150 or 400 c/s are used) and 
for the other to be high (1000, 2000, 4000, 7000 or 12 000 c/s). One test is carried 
out with the low frequency approximately at the low frequency limit of the amplifier 
and another at 100 or 150 c/s. The low frequency signal is usually made four times 
larger than the high frequency signal, although a 1 : 1 ratio is also used. The low 
frequency test will show distortion due to transformer saturation and the latter will 
be more representative of normal operation. 

Distortion is mainly dependent on the peak voltage output so that an amplifier 
delivering at the same time two output voltages of 4 units and 1 unit (total output 
voltage = 5 units) would have distortion equivalent to a power output of 5* whereas 
the true output would be only 4 2 + l 2 . Because of this, the indicated output power 
is multiplied by 25/17 when intermodulation tests are carried out under the con- 
ditions above. 

The intermodulation products from the two signals can be measured separately 
or collectively. If they are measured separately and the lower frequency is f x and the 
higher / 2 , then the intermodulation products to be investigated — considering f % as 
the carrier— are (/, - A), (/, + /,), (f 2 - 2/i), (/, + 2/i), (/, - %), (/, + 3/,), . . . 
The intermodulation distortion percentage referred to / 2 , based on the r.m.s. sum, is 

V(E fi - n + E n + /i) 2 + {Ef t - in + E n + 2/l ) 2 + (E n - an + E n + an) 2 • • • • 

En 

If the r.m.s. sum of the intermodulation products is measured collectively a high- 
pass filter can be used to separate the low and high frequencies and their respective 
intermodulation products. The modulated high frequency is then rectified and 
passed through a low pass filter, the remainder being low frequency components 
previously modulating the high frequency signal. Descriptions and circuits of equip- 
ment of this type will be found in Refs. 19, 22, 23 and 27. 

The peak sum modulation method is described in Chapter 14 Sect. 3(v). 

Le Bel's Oscillographic method is described in Chapter 14 Sect. 3(vi). 
Another method of measurement is to keep a constant difference frequency 

(say 400 c/s) between the outputs of two a-f generators and determine the magnitude 
of the difference frequency as the generators are tuned through the a-f range of the 
amplifier (Ref. 28)— see Chapter 14 Sect. 3(iii). 

For an indication of the distortion tolerable under different conditions, reference 
should be made to Chapter 14 Sect. 2(iii). Intermodulation distortion is covered 
in Chapter 14 Sect. 3 and References (B). 

Hum distortion may be overlooked if the individual distortion components are 
measured separately. It is due to intermodulation between signal and hum frequencies 
and with a 50 c/s power supply (100 c/s hum) and a 1000 c/s signal, hum distortion 
products will be found at 900 and 1100 c/s and also as sidebands to the harmonics 
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of the signal. Hum modulation is most likely to be experienced at full output in an 
amplifier in which the filtering of the plate supply to the output valves is inadequate. 

(B) Amplifier Power Output 

Definition (R.M.A. standard SE-1Q1-A) : — " Amplifier power output is the maxi- 
mum rms power output (including distortion) at rated distortion which the amplifier 
will deliver into its rated load under normal operating conditions." 

An additional requirement is that " The power output shall be measured using an 
indicator which measures rms values, such as thermally actuated meters, simultan- 
eously with the distortion . . . ." 

During design it is helpful to measure power output over a range of frequencies 
as it may decrease at both low and high frequencies. When bass and treble boosts 
are available to the user it is particularly important for the power output to be main- 
tained over the range of frequencies to which the boosting applies. At high fre- 
quencies the response may be falling and the degree of overloading may not be ap- 
parent because the amplitude of the harmonics may be appreciably decreased, for 
instance by a capacitor across the primary of the output transformer. It is in such a 
case that the value of intermodulation measurements becomes apparent. 

When measuring amplifier power output and other characteristics it is advisable to 
connect an oscilloscope across the output terminals so that the presence of parasitic 
oscillations can be detected. 

(C) Amplifier Gain 

Definition (R.M.A. standard SE-101-A) : — " Amplifier gain is the ratio expressed 
in db of the power delivered to the load, to the power which would be delivered to 
the same load if the amplifier were replaced by an ideal transformer which matches 
both the load and source impedances." 

Additional test requirements are 

" The gain shall be measured at a frequency of 400 cycles per second and at an out- 
put 3 db less than the rated power output. The harmonic content of the input signal 
shall inappreciably affect the gain of the amplifier. 

" The gain shall be measured using input and output meters and associated measur- 
ing equipment that does not affect the frequency response or gain of the amplifier." 

(D) Amplifier Frequency Response 

Definition (R.M.A. standard SE-101-A) : — The amplifier frequency response is 
the variation of gain as a function of frequency over the range specified, expressed 
in db relative to the gain at 400 cycles per second." 

Additional test requirements are 

" Any automatic limiting or dynamic range control in the amplifier shall be dis- 
connected during this test. 

" The frequencies for testing shall be obtained from a source whose rms harmonic 
voltage does not exceed 5% of the fundamental voltage at any point in the frequency 
range of measurement. 

" Measurements shall be made with the input voltage adjusted at each frequency 
to produce output levels of 3 db and 10 db respectively below rated power output.* 

"The input and output meters and associated measuring equipment shall not 
discriminate as to frequency over the frequency range of measurement." 

The frequency response of an amplifier is usually measured in terms of the output 
voltage across a resistive load. If feedback from the output stage is used it is advisable 
also to check the response with the normal loudspeaker load and with the minimum 
and maximum loads liable to be used. 

In all cases the signal input must be small enough for the input-output characteristic 
to be linear over the frequency range being investigated. The frequency response 
may vary with output level at the low frequency end of the range and more than one 
curve may be necessary for this reason. 

The effect of any controls which alter the frequency response should be shown by 
suitable curves. 



•Frequency response is also sometimes measured at levels of 30 and 60 db below rated power output. 
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Square wave testing is used to obtain a rapid indication of frequency response 
(or phase shift) during design and in production. Two test frequencies can be used, 
one low enough for some low frequency attenuation or phase shift to be present at the 
fundamental frequency and the other high enough for some of the harmonics in the 
square wave to be attenuated. In production testing, limits for the wave shape can 
be indicated on a blank in front of the screen of the oscilloscope. Peaks in response 
are indicated (the approximate frequency of the peak being readily determined) 
as well as the degree of damping of the transient response and parasitic oscillation 
(Refs.16 and 20). 

Details are given in Ref. 18 of a technique in which stepped sine waves are used in 
a similar manner. 

(E) Noise Level 

Definition (R.M.A. standard SE-101-A). (This is proposed as an interim standard 
for the measurement of steady state noise, and of pulse noise waves having a peak 
factor (ratio of peak to rms) approximating the maximum obtainable in speech) : — 
" Noise level is the level of any noise signals appearing at the output terminals with 
no signal applied to the input. 

" The weighted noise level is the noise level weighted in accordance with the 70 
decibel equal loudness contour of the human ear and expressed in dbm, i.e. decibels 
referred to a level of i milliwatt." 

An additional testing requirement is " The measuring amplifier shall be one whose 
audio frequency response is weighted with the 70 db equal-loudness contour of the 
human ear in accordance with Curve B of the ASA Specification Z24.3-1944 (Sound 
level Meters for Measurement of Noise and Other Sounds) with a standard VU meter 
as defined by ASA Specification CI 6. 5- 1942 (American Recommended Practice for 
Volume Measurements of Electrical Speech and Program Waves) as an indicator. 

" Illustrative : A properly weighted amplifier may be obtained by applying an 
RC network with a 1 millisecond time constant to an amplifier having frequency re- 
sponse of ± 1 db from 50 to 15 000 cycles. This will give an attenuation of 1 db 
at 300 cycles, 5.7 db at 100 cycles and 9 db at 60 cycles." 

(F) Microphony 

High gain, high output a-f amplifiers may be subject to microphony under some 
conditions of use. A test similar to the one described in Sect. l(vi)M of this chapter 
enables variations between microphonic tendencies between different amplifiers to 
be checked reliably. 

(G) Stability 

In amplifiers without feedback the most probable type of instability is parasitic 
oscillation. This can best be observed on an oscilloscope while the signal input is 
varied from zero past the overload point at various frequencies (including very low 
and very high). 

Varying load impedances and high mains voltages may also cause trouble and the 
test should be repeated at least for design purposes with the highest power supply 
voltage liable to be encountered in the field and with a range of load impedances vary- 
ing from an open circuit through capacitive and inductive loads to a short circuit. 
The plate dissipation of the output valves in AB or B class amplifiers should be ob- 
served during tests with the load impedance smaller than specified as it may become 
excessive. On occasions, variation in input impedance can provoke trouble and all 
possible types of pickup and microphone inputs should be tried. Square wave, 
instead of sine wave, excitation may induce parasitic oscillation. 

(H) Feedback 

Probably the most important feedback test is that for stability and the tests under 
(G) should be adequate, although instability experienced may be due to causes other 
than parasitic oscillation. For example an amplifier with voltage feedback from the 
output stage may oscillate when operated with open-circuited output, due to excessive 
feedback. 

The output impedance is liable to be variable with frequency in a feedback amplifier. 
It can be estimated by varying the output impedance and noting 'the change in voltage 
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across it (Ref. 26). However a variation in output impedance alters the amount of 
feedback and thus the impedance being measured. A more accurate determination 
can be made by connecting the correct load and driving source to the amplifier (it is 
only necessary to complete the input circuit if feedback is applied to the input stage, 
see Chapter 7 Sect. 2(vi)A) then connecting an a-f oscillator through a high impedance 
to the amplifier output and measuring the current flowing into the output circuit and 
the voltage across it. The impedance of the load in parallel with the output im- 
pedance of the amplifier is then obtainable and since the load is known the output 
impedance can be calculated. If output impedance is important it is desirable to 
make a measurement at least at the speaker resonant frequency as well as at mid- 
frequencies. 

Another useful feedback test is a measurement of gain reduction vs. frequency. 
Such a curve is readily plotted and draws attention to any points at which the feed- 
back may become positive. The shape of this curve is similar to an inverted output- 
impedance curve. 



SECTION 4 : MEASUREMENTS ON COILS 

(i) Measurement of coefficient of coupling (ii) Measurement of primary resonant 
frequencies of aerial and r-f coils (Hi) Measurement of distributed capacitance across 
coils. 

(i) Measurement of coefficient of coupling 

The measurement of k, the coefficient of coupling, has been covered in Chapter 26 
Sect. 4(ii)E and (iii)B. 

(ii) Measurement of primary resonant frequencies of aerial and 
r-f coils 

The usual methods of measuring primary resonant frequencies are either 

(a) connecting a valve voltmeter across the secondary circuit, which is tuned 
to a much higher frequency than that to be measured (or a much lower fre- 
quency in the case of low impedance primaries), and feeding in a signal from 
the signal generator. The primary resonant frequency shows up by a sharp 
increase in the voltage across the valve voltmeter as the generator is tuned 
through this frequency. The secondary detuning is readily effected by 
rotating the rotor of the gang condenser, say, half-way across the band, or 

(b) connecting the valve voltmeter straight across the primary winding, finding 
the resonant frequency, and then finding the true primary frequency by 
calculation after allowing for the input capacitance of the valve voltmeter, 
which can be measured on a Q meter or found by other means. 

(iii) Measurement of distributed capacitance across coils 

The distributed capacitance across a coil can be found with the use of a Q meter^ 
following the methods given in most Q meter instruction books, as summarized below. 
Approximate method (± 2 p.fiF) 

This is suitable for large inductors only 

1. Connect the inductor under test to the coil (L) terminals of the Q meter. 

2. Set the tuning capacitor to about 200 ppF (CO and adjust the oscillator fre- 
quency for resonance. 

3. Note the oscillator frequency f x . 

4. Change the oscillator to a frequency exactly twice / x . 

5. Set the tuning capacitor to a new value C 2 for resonance. 
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6. The distributed capacitance C may then be calculated, 

C = {C t - 4C 2 )/3 MM F. (1) 

If it is not convenient to use a frequency ratio of 2 : 1, the more general expressions 
for determining distributed capacitance are : 
(Cl - C 2 ) - C 2 («* - 1) 
C = aa _ 1 w*F (2) 

where a = (/ 2 //i)- 

The true inductance is given by 
25 330 

L= MC 2 + c o) * (3) 

/ being expressed in Mc/s 
C 2 and C in /aiiF. 



Natural resonant frequency of inductor = /„ = f 2 V 1 + (C 2 /C ). (4) 

Accurate method (accuracy about ± 4%) 
This method involves measuring the natural resonant frequency of the inductor. 

1. Connect the inductor to the coil (L) terminals of the Q meter, set the Q circuit 
tuning capacitor to about 400 /a/aF and adjust the oscillator frequency for resonance. 
Call the frequency A and the tuning capacitance C u 

2. Replace the inductor under test by a shielded coil having an inductance about 
1/25 of that of the inductor under test. 

3. Set the oscillator to a frequency about 10 times / 1} and adjust the Q circuit tuning 
capacitor for resonance. 

4. Connect the inductor under test to the coil (L) terminals of the Q meter, in 
parallel with the shielded coil, taking care to avoid coupling between the two coils. 
Then adjust the Q circuit tuning capacitance for resonance, observing whether the 
capacitance has to be increased or decreased from its previous setting. If the capacit- 
ance has to be increased, increase the oscillator frequency by an appreciable amount 
(10 to 20%). If the capacitance has to be decreased, decrease the oscillator frequency. 

5. Disconnect the inductor under test and adjust the Q circuit tuning capacitance 
to resonance at the new frequency, repeating the procedure of (4) above, changing 
the oscillator frequency by smaller increments as it approaches the resonant frequency 
of the inductor under test, until the frequency reaches a value at which the Q tuning 
capacitance is unchanged when the inductor under test is connected or disconnected. 
The corresponding oscillator frequency is called / . 

6. The distributed capacitance, C Q) of the inductor may then be calculated : 
C - C * 

" ZT7 (5) 

a 8 

or by the close approximation 

C « «* 7T • C »- W 

Jo 

The accuracy of this measurement depends on the inductance of the coil remaining 
constant over the two frequencies. This is reasonably accurate for commonly used 
coils, although it may not hold for coils having iron cores. 

This method often requires a considerable amount of trial and error. As a starting 
point it is helpful to measure L (this is not the true inductance of course) and make 
a guess at the value of C . The natural resonant frequency/,, can then be calculated 
to give a rough guide for starting more accurate measurements. 
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(i) GENERAL PHYSICAL UNITS 
SECTION 1 : UNITS 
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(0 General physical units (») Electrical and magnetic units (iii) Photometric 
units (jv) Temperature. 

(i) General physical units 

TABLE 1 : UNITS 



Quantity 


English 


Metric 


Length 


1 mil = 0.001 inch = 0.00254 cm 


1 mm = 39.37 mils 




1 inch = 1000 mils =. 2.54 cm 


1 cm = 0.3937 inches 




1 foot = 12 inches = 30.48 cm 


= 0.0328 foot 




1 yard = 3 feet = 0.9144 m 


1 m = 1.094 yards 




1 mile = 1760 yards = 1.6093 Km 


= 3.272 feet 




1.152 miles = 1 nautical mile 


1 Km = 0.6214 mile 




= 1.853 Km 






60naut. miles = 1 degree = 111.100 






Km 








1 micron = 10 -6 metre 






= 0.0001 cm 






= 10 000, Angstroms 






1 Angstrom (A ) = 10- 10 metre 






= 10-* cm 






= 0.0001 micron 


Area 


1 mil 2 = 6.452 x 10- 10 m 2 
1 circ. mil* = 0.7854 x 10-« in 2 
= 5.067 x 10- 10 m 2 






1 in 2 = 6.452 cm 2 | 


1 cm 2 = 0.1550 in 2 




1ft 2 = 144 in 2 = 0.0929 m 2 


= 0.001 076 ft 2 




1yd 2 = 9 ft 2 = 0.8361m 2 


1 m 2 = 10.76 ft 2 


Volume 


1 in 3 = 16.39 cm 3 f = 0.016 39 litres ** 


1 cm 3 = 0.061 02 in 3 




1 ft 3 = 1728 in 3 = 28.32 litres 


1 litre = 61.02 in 3 


Mass 


(Avoirdupois) 






1 grain = 0.0648 grams 


1 gram = 15.432 grains 




1 dram = 1.772 grams 


= 0.035 27 ounce 




1 ounce = 16 drams = 28.35 grams 


= 0.002 205 lb 




1 pound = 16 ounces 


1 Kg = 2.205 lb 




= 7000 grains 


1000 Kg = 0.9842 ton 




= 453.6 grams 


= 1 metric ton 




112 pounds = 1 hundredweight 






= 50.800 Kg 






1 ton = 20 cwt = 1016.1 Kg 





(Continued on page 1330) 



*1 circular mil is the area of a circle 0.001 inch diameter. 

f cm 2 = sq. cm = square centimetres (similarly for other symbols). 

cm 3 = cub. cm = cubic centimetres. 
**1 litre = 2.202 lb of fresh water at 62 °F 
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Quantity 


English 


Metric 


Force 


1 pound weight = 4.448 x 10 5 dynes 


1 dyne = 0.2248 x 10~ 5 pound 




1 poundal = 1.382 x 10* dynes 


weight 

= 0.001 0197 gm weight 
1 gram weight = 980.62 dynesf 


Intensity 


1 atmosphere = 760 mm mercury at 


1 dyne/cm 2 


of 


0°C 


= 0.9869 x 10-* atmosphere 


Pressure 


= 1.0132 x 10 6 dynes/ 


1 mm mercury at °C 




cm 2 


= 1.333 x 10 3 




1 lb/ft 2 = 478.8 dynes/cm 2 


dynes/cm 2 




1 lb/in 2 = 0.6894 x 10 5 dynes/cm 2 


= 1.359 gms/cm 2 




1 ton/ft 2 = 1.072 x 10 6 dynes/cm 2 


= 1.316 x 10 -3 atmosphere 




1 inch of mercury at °C 






= 3.386 x 10* dynes/cm 2 






= 34.53 gms/cm 2 




Angles 


1 degree (1 °) = 0.017 4533 radian 
1 radian = 57° 17' 44.806" 

= 57° 17.7468' = 57.295 780° 
1 quadrant = 90° = tt/2 = 1.571 

radians 
1 revolution = 360° = 2n = 6.283 

radians 





JThe internationally accepted value of gravitational acceleration at latitude 45° 
and sea level. 
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(ii) Electrical and magnetic units 

There are several systems of units in common use, but they may be divided into three 
clearly distinguished groups : 

1. Unrationalized systems, including 

(a) Absolutef cg.s.* electrostatic system. 

(b) Absolutef cg.s.* electromagnetic system. 

(c) Absolutef m.k.s. (metre-kilogram-second) system. Otherwise known as 
the Giorgi system. 

2. Rationalized systems including 

(a) Rationalized m.k.s. system (Giorgi). 

3. Practical systems 

The common practical system includes the volt, ampere, coulomb, ohm, farad, 
henry and watt. 

All fundamental physical relationships are normally worked out in one of the un- 
rationalized systems, and the final result may be converted into practical units for 
general use. 

Rationalized systems have been developed to simplify certain calculations. They 
may be used as alternatives to unrationalized systems. 

The m.k.s. system is increasing in popularity because neither thec.g.s. electrostatic 
system nor the c.g.s. electromagnetic system is convenient for use with all problems, 
and the combined use of the two systems has been generally adopted in the past. 
Another reason for its popularity is that it includes many of the practical units, the 
second, joule, watt, coulomb, ampere, volt, ohm, mho, farad and henry. The ration- 
alized m.k.s. system has been standardized by the American I.R.E. (January 1948). 

The Giorgi m.k.s. system absolute system was adopted by the International Elec- 
trotechnical Commission (I.E.C.) in Bruxelles, June 1935 (see Proceedings of National 
Academy of Sciences Vol. 21 No. 10 pp. 579-583, October 1935 ,• reprinted by 
Harvard University, Publications from the Graduate School of Engineering 1935-36 
No. 167). See also A. E. Kennelly " LE.C. adopts MKS System of Units," Elec- 
trical Engineering 54.12 (Dec. 1935) 1373. See also References below. 

In any one sequence of calculations it is essential to retain the same system through- 
out. The final result may then, if desired, be converted to any other system. Table 2 
should enable any engineer to convert from one quantity in any system to any other 
of the major systems. 

REFERENCES TO MKS SYSTEM 

Carr, H. L. A. " The M.K.S. or Giorgi system of units — the case for its adoption " Proc. I.E.E. Part I 

97.107 (Sept. 1950) 235. 
Rawcliffe, G. H. " The rationalization of electrical units and its effect on the M.K.S. System " Proc. 

I.E.E. Part I 97.107 (Sept. 1950) 241. 
Marriott, H., and A. L. Cullen " The rationalization of electrical theory and units " Proc. I.E.E. Part I 

97.107 (Sept. 1950) 245. 
Bradshaw, E. " Rationalized M.K.S. units in electrical engineering education " Proc. I.E.E. Part I 

97.107 (Sept. 1950) 252. 

A brief description of all systems including the m.k.s. is given in " Applied Electronics " (Massa- 
chusetts Institute of Technology ; John Wiley & Sons Inc. New York j Chapman & Hall Ltd., Lon- 
don, 1943) Appendix B. 



♦cg.s. = centimetre-gramme-second. 

fAn absolute system is one which includes length, mass and time in its fundamental dimensions. 
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TABLE 2 : THE PRINCIPAL ELECTRICAL AND MAGNETIC UNITS 



Quantity 


Practical 
(English) 


Giorgi MKS 
1 metre 


C.G.S. 

Electrostatic 


C.G.S. 

Electromagnetic 


Length 


1 foot, 1 inch 


1 centimetre 


1 centimetre 


Mass 


1 pound 


1 kilogram 


1 gram 


1 gram 


Force 


1 pound 
weight 


1 dyne-five 
= 1 newton 


1 dyne 


1 dyne 


Time 


1 second 


1 second 


1 second 


Work, Energy 


1 joule 


1 erg 


1 erg 


Power 


1 watt 


1 erg/second 


1 erg/second 


Charge 


1 coulomb 


1 statcoulomb 


1 abcoulomb 


Current 


1 ampere 


1 statampere 


1 abampere 


Electromotive 
force 


1 volt 


1 statvolt 


1 abvolt 


Resistance 
Resistivity 


1 ohm 
1 ohm/cm cube or 1 ohm- 
centimetre 


1 statohm 


1 abohm 


Conductance 
Conductivity 


1 Siemens = 1 mho 
1 mho/cm cube 


1 statmho 


1 abmho ! 


Capacitance 


1 farad 


1 statfarad 


1 abfarad 


Inductance 


1 hei 


lry 


1 stathenry 


1 abhenry 

1 




MKS 
unrationalized 


MKS 
rationalized 


Flux (£) 


1 line = 1 
maxwell 


1 line = 1 | 
maxwell 


1 weber 


1 weber 


Flux density (B) 


1 line/sq in 


1 weber/sq 
metre 


1 weber/sq 
metre 


1 gauss 


Magnetizing 
force (H) 


1 ampere-turn 

/in 


1 praoersted 


1 ampere-turn 
/metre 


1 oersted 


Magnetomotive 
force (F) 


1 ampere-turn 


1 pragilbert 


1 ampere-turn 


1 gilbert 


Reluctance 




1 pragilbert/ 
weber 


1 ampere-turn/ 
weber 


1 gilbert/ 
maxwell 


Permeability of 
free space 




10 -7 henry/ 
metre (or 10 -7 
weber/sq 
metre/praoer- 
sted) 


4 x 10- 7 
henry/metre 


1 abhenry/cm 
(or 1 gauss/ 
oersted) 

i 
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(ii) ELECTRICAL AND MAGNETIC UNITS 
RELATIONSHIPS BETWEEN UNITS 
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1 metre = 100 centimetres 



1 centimetre = 1/100 metre 



1 kilogram = 1000 grams 



1 gram = 1/1000 kilogram 



1 newton = 10 5 dynes 



1 dyne = 10 -5 newton 



1 joule = 10 7 ergs 



1 erg = 10 -7 joule 



1 watt = 10 7 ergs/second 



1 erg/second = 10 -7 watt 



1 coulomb = 3 x 10 9 statcoulombs =0.1 abcoulomb 

1 statcoulomb = 3.33 x 10 -11 abcoulomb 1 abcoulomb =3 x 10 10 statcoulombs 

1 ampere = 3 x 10 9 statamperes = 0.1 abampere 

1 statampere = 3.33 x 10 -11 abampere 1 abampere = 3 x 10 10 statamperes 



1 volt = 3.33 x 10~ 3 statvolt = 10 8 abvolts 
1 statvolt = 3 x 10 10 abvolts = 300 volts 1 abvolt 



3.33 x 10- 11 statvolt 



1 ohm = 1.11 x 10~ 12 statohm 



stat 



1O2 „K n ht 



10 9 abohms 

1 „k^.V.r 



1/1-21 p+ nt - n U~ 



1 mho = 9 X 10 9 statmhos = 10~ 9 abmho 

1 statmho = 1.11 x 10 -21 abmho 1 abmho = 9 x 10 20 statmhos 

1 farad = 9 x 10 11 statfarads = 10 -9 abfarad 

1 statfarad = 1.11 x 10~ 21 abfarad 1 abfarad = 9 x 10 28 statfarads 

= 1.11 x 10~ la farad 1 ^iF = 0.9 statfarad 

1 henry = 1.11 x 10 -12 stathenry = 10 9 abhenrys 

1 stathenry = 9 x 10 20 abhenrys 1 abhenry = 1.11 x 10 -21 stathenrys 

1 weber = 10 8 maxwells = 10 8 Lines 1 maxwell = 10~ 8 weber 



1 weber/sq metre = 10 4 gauss 



1 gauss = 10~ 4 weber/sq metre 



1 praoersted = 10 -3 oersted 1 oersted = 10 3 praoersted 

1 ampere-turn/inch = 0.495 oersted = 495 praoersteds 

1 ampere-turn/metre = 0.01257 oersted = 12.57 praoersteds 



1 ampere-turn = 1.257 gilberts 

1 pragilbert = 0.1 gilbert 

1 ampere-turn = 12.57 pragilberts 



1 gilbert = 0.796 ampere-turn 

1 gilbert = 10 pragilberts 

1 pragilbert = 0.0796 ampere-turn 



1 pragilbert/weber = 10 -9 gilbert/maxwell = 0.0796 ampere-turn/weber 
1 ampere-turn/weber = 1.257 x 10 -8 gilbert/maxwell 
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(iii) PHOTOMETRIC UNITS 
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(iii) Photometric units 

TABLE 3 : PHOTOMETRIC UNITS 



Quantity 


Symbol 


Unit 


| Relationship 


Luminous Flux 


F 


Lumen 




1 lumen = -— x flux emitted by one 


Light Intensity 
Illumination 


I 

E 


candle 
Candle Flux emitted by 1 candle = 4n lumens 
Footcandle = lumens/ft 8 
Phot = cm candle = lumens/cm 2 






Lux = 


metre candle = lumens/m 2 



Relationship between units of illumination 




Unit 


Foot-candle 


Phot 


Lux 


1 Foot-candle 
1 Phot 
1 Lux 


1 

929 

0.0929 


0.001076 
1 

io-* 


10.76 

10* 

1 



(iv) Temperature 



TABLE 4 : 

Freezing point of water \ 
(normal pressure) J 

Boiling point of water \ 
(normal pressure) J 

1 Fahrenheit degree 



1 Centigrade* degree 



Temperature in °C 

Temperature in °F 
Temperature in °K 
Absolute temperature 
Temperature in °C 
Absolute Zero 



} 



TEMPERATURE 

= 32° Fahrenheit 

= 0° Centigrade* 

= 273.16° Kelvin (Absolute) 

= 212° Fahrenheit 

= 100° Centigrade* 

= 373.16° Kelvin (Absolute) 

= — Centigrade* degree 

= 0.5556 Centigrade* degree 

= 0.5556 Kelvin degree 

= 1.800 Fahrenheit degree 

= 1.0 Kelvin degree 

= - (°F - 32) 
9 

= 1.8 (°C) + 32 

= (°C) + 273.16 

= (°K) - 273.16 

= 0°K 

= -273.16°C 

= -459.68 °F 



*The Ninth Genera! Conference on Weights and Measures held in Paris in October. 1948 decided 
to abandon the designation Centigrade and use Celsius (International Temperature Scale) instead. 
For most practical purposes the two scales may be regarded as identical. 
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SECTION 2 : COLOUR CODES 

(i) Colour code for fixed composition resistors (ii) Colour code for fixed wire- 
wound resistors {Hi) Table of R.M.A. colour code markings for resistors (iv) Colour 
code for moulded mica capacitors (v) Colour code for ceramic dielectric capacitors 
(vi) Colour code for i-f transformers (vii) Colour code for a-f transformers and output 
transformers (viii) Colour code for power transformers (ix) Colour code for loud- 
speakers (x) Colour code for chassis wiring (xi) Colour code for battery cables (xii) 
Colour code for metallized paper capacitors. 

(i) Colour code for fixed composition resistors 

(A) R.M.A. Standards GEN-101, REC-116, July 1948. 

In fixed composition resistors with axial leads the nominal resistance value is in- 
dicated by bands of colour of equal width around the body of the resistor (Fig. 38.1). 

Band A indicates the first significant figure. 

Band B indicates the second significant figure. 

Band C indicates the decimal multiplier. 

Band D, if any, indicates the tolerance limits about the nominal resistance value. 




Fig. 38.1. R.M.A. colour code for fixed composition resistors (axial leads). 
Fig. 38.2. R.M.A. colour code for fixed composition resistors (radial leads). 



TABLE 5 : COLOUR CODE 



Colour 


Significant 


Decimal 


Tolerance 




Figure 


Multiplier 


% 


Black 





1 




Brown 


1 


10 




Red 


2 


10 2 




Orange 


3 


10 3 




Yellow 


4 


10* 




Green 


5 


10 s 




Blue 


6 


10 6 




Violet 


7 


10 7 




Grey 


8 


10 8 




White 


9 


10 9 




Gold 


— 


io- 1 


±5 


Silver 


— 


io- 2 


±10 


No Colour 


— 


— 


±20 



Body colour : Black indicates uninsulated. Any other colour indicates insulated. 
Colour code with radial leads 

Resistors with radial leads may use the same colour code as those with axial leads, 
but alternatively* they may be colour coded as in Fig. 38.2 where 
Body A corresponds to Band A above, 
End B corresponds to Band B above, 
Dot C (or band C) corresponds to Band C above, 
Band D corresponds to Band D above. 
See also Sect. 3(i) — Standard fixed composition resistors. 



•As JAN-R-ll and old R.M.A. specification. 
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(B) British Standard BS. 1852 : 1952 

for fixed resistors for telecommunication purposes. 
Interpretation of marking : 
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Fig. 38.3A 


Fig. 38.3B or 
Fig. 38.3C 


Interpretation 


1st band (A) 


Body (A) 


Indicates first significant figure of 
resistance value. 


2nd band (B) 


First tip (B) 


Indicates second significant figure. 


3rd band (C) 


Spot (C) 


Indicates multiplier. 


4th band (D) 


Second tip (D) 


If present, indicates percentage toler- 
ance on nominal resistance value. If 
no colour appears in this position the 
tolerance is ± 20 per cent. 


5th band (E) 




If present, indicates grade of resistor. 



Colour values : 

As Table 5 with the addition of 
Colour 

Brown 
Red 
Colour 

Salmon pink 



Tolerance % 

± 1 

± 2 
Grade 

Grade 1 (" high stability ") 




A B C D E 

t 
This may be gcncrol body colour PIG 39^ 3 

Fig. 38.3A. British Standard coloured band marking {preferred). 

Fig. 38. 3B. British Standard body, tip and spot marking. 
Fig. 38.3C. British Standard body, tip and central band marking. 

(ii) Colour code for fixed wire-wound resistors 

(A) R.M.A. Standard REC-117, July 1948 

In fixed wire-wound resistors with axial leads the nominal resistance value is in- 
dicated by bands of colour around the body of the resistor (Fig. 38.3). 



—fP h 



Tttt 

A B CD 

FIG. 38.3 

Fig. 38.3. R.M.A. colour code for fixed wire wound resistors (axial leads). 

Band A is of double width, thereby indicating a wire-wound resistor. The colour 
of Band A, and those of bands B, C and D, have the same indications regarding re- 
sistance and tolerance as for composition resistors. The body colour also has the 
same indications as for composition resistors. 

See also Sea. 3(ii) for standard fixed wire wound resistors. 
(B) British Standard colour code for fixed resistors. See (i) (B) above. 
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(iii) Table of R.M.A. colour code markings for resistors 

TABLE 6 : STANDARD COLOUR CODING FOR RESISTORS 
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Preferred values of resistance 


Old 










(ohms) 




standard 


Resistance design 


ation 








resistance 








±20% 


±10% 


±5% 


values 








D = no col 


D = silver 


D = gold 


(ohms) 


A 


B 


C 








50 


Green 


Black 


Black 






51 




Green 


Brown 


Black 




56 


56 




Green 


Blue 


Black 






62 




Blue 


Red 


Black 


68 


68 


68 




Blue 


Gray 


Black 






75 


75 


Violet 


Green 


Black 




82 


82 




Gray 


Red 


Black 






91 




White 


Brown 


Black 


100 


100 


100 


100 


Brown 


Black 


Brown 






110 




Brown 


Brown 


Brown 




120 


120 




Brown 


Red 


Brown 






130 




Brown 


Orange 


Brown 


150 


150 


150 


150 


Brown 


Green 


Brown 






160 




Brown 


Blue 


Brown 




180 


180 




Brown 


Gray 


Brown 






200 


200 


Red 


Black 


Brown 


220 


220 


220 




Red 


Red 


Brown 






240 




Red 


Yellow 


Brown 








250 


Red 


Green 


Brown 




270 


270 




Red 


Violet 


Brown 






300 


300 


Orange 


Black 


Brown 


330 


330 


330 




Orange 


Orange 


Brown 








350 


Orange 


Green 


Brown 






360 




Orange 


Blue 


Brown 




390 


390 




Orange 


White 


Brown 








400 


Yellow 


Black 


Brown 






430 




Yellow 


Orange 


Brown 








450 


Yellow 


Green 


Brown 


470 


470 


470 




Yellow 


Violet 


Brown 








500 


Green 


Black 


Brown 






510 




Green 


Brown 


Brown 




560 


560 




Green 


Blue 


Brown 








600 


Blue 


Black 


Brown 






620 




Blue 


Red 


Brown 


680 


680 


680 




Blue 


Gray 


Brown 






750 


750 


Violet 


Green 


Brown 




820 


820 




Gray 


Red 


Brown 






910 




White 


Brown 


Brown 


1,000 


1,000 


1,000 


1,000 


Brown 


Black 


Red 






1,100 




Brown 


Brown 


Red 




1,200 


1,200 


1,200 


Brown 


Red 


Red 






1,300 




Brown 


Orange 


Red 


1,500 


1,500 


1,500 


1,500 


Brown 


Green 


Red 






1,600 




Brown 


Blue 


Red 




1,800 


1,800 




Brown 


Gray 


Red 






2,000 


2,000 


Red 


Black 


Red 


2,200 


2,200 


2,200 




Red 


Red 


Red 






2,400 




Red 


Yellow 


Red 








2,500 


Red 


Green 


Red 




2,700 


2,700 




Red 


Violet 


Red 






3,000 


3,000 


Orange 


Black 


Red 
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Preferred values of resistance 


Old 










(ohms) 




standard 


Resistance designation 








resistance 








±20% 


±10% 


± 5% 


values 








D = no col 


D = silver 


D = gold 


(ohms) 


A 


B 


C 


3,300 


3,300 


3,300 




Orange 


Orange 


Red 








3,500 


Orange 


Green 


Red 






3,600 




Orange 


Blue 


Red 




3,900 


3,900 




Orange 


White 


Red 








4,000 


Yellow 


Black 


Red 






4,300 




Yellow 


Orange 


Red 


4,700 


4,700 


4,700 




Yellow 


Violet 


Red 








5,000 


Green 


Black 


Red 






5,100 




Green 


Brown 


Red 




5,600 


5,600 




Green 


Blue 


Red 






6,200 




Blue 


Red 


Red 


6,800 


6,800 


6,800 




Blue 


Gray 


Red 






7,500 


7,500 


Violet 


Green 


Red 




8,200 


8,200 




Gray 


Red 


Red 






9,100 




White 


Brown 


Red 


10,000 


10,000 


10,000 


10,000 


Brown 


Black 


Orange 






11,000 




Brown 


Brown 


Orange 




12,000 


12,000 


12,000 


Brown 


Red 


Orange 






13,000 




Brown 


Orange 


Orange 


15,000 


15,000 


15,000 


15,000 


Brown 


Green 


Orange 






16,000 




Brown 


Blue 


Orange 




18,000 


18,000 




Brown 


Gray 


Orange 






20,000 


20,000 


Red 


Black 


Orange 


22,000 


22,000 


22,000 




Red 


Red 


Orange 






24,000 




Red 


Yellow 


Orange 








25,000 


Red 


Green 


Orange 




27,000 


27,000 




Red 


Violet 


Orange 






30,000 


30,000 


Orange 


Black 


Orange 


33,000 


33,000 


33,000 




Orange 


Orange 


Orange 






36,000 




Orange 


Blue 


Orange 




39,000 


39,000 




Orange 


White 


Orange 








40,000 


Yellow 


Black 


Orange 






43,000 




Yellow 


Orange 


Orange 


47,000 


47,000 


47,000 




Yellow 


Violet 


Orange 








50,000 


Green 


Black 


Orange 






51,000 




Green 


Brown 


Orange 




56,000 


56,000 




Green 


Blue 


Orange 








60,000 


Blue 


Black 


Orange 






62,000 




Blue 


Red 


Orange 


68,000 


68,000 


68,000 




Blue 


Gray 


Orange 






75,000 


75,000 


Violet 


Green 


Orange 




82,000 


82,000 




Gray 


Red 


Orange 






91,000 




White 


Brown 


Orange 


100,000 


100,000 


100,000 


100,000 


Brown 


Black 


Yellow 






110,000 




Brown 


Brown 


Yellow 




120,000 


120,000 


120,000 


Brown 


Red 


Yellow 






130,000 




Brown 


Orange 


Yellow 


150,000 


150,000 


150,000 


150,000 


Brown 


Green 


Yellow 






160,000 




Brown 


Blue 


Yellow 






180,000 




Brown 


Gray 


Yellow 






200,000 


200,000 


Red 


Black 


Yellow 
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Preferred 


values of resistance 


Old 










(ohms) 




standard 


Resistance designation 








resistance 








±20% 


±10% 


± 5% 


values 








D = no col 


D = silver 


D = gold 


(ohms) 


A 


B 


C 


220,000 


220,000 


220,000 




Red 


Red 


Yellow 






240,000 




Red 


Yellow 


Yellow 








250,000 


Red 


Green 


Yellow 




270,000 


270,000 




Red 


Violet 


Yellow 






300,000 


300,000 


Orange 


Black 


Yellow 


330,000 


330,000 


330,000 




Orange 


Orange 


Yellow 






360,000 




Orange 


Blue 


Yellow 




390,000 


390,000 




Orange 


White 


Yellow 








400,000 


Yellow 


Black 


Yellow 






430,000 




Yellow 


Orange 


Yellow 


470,000 


470,000 


470,000 




Yellow 


Violet 


Yellow 








500,000 


Green 


Black 


Yellow 






510,000 




Green 


Brown 


Yellow 




560,000 


560,000 




Green 


Blue 


Yellow 








600,000 


Blue 


Black 


Yellow 






620,000 




Blue 


Red 


Yellow 


680,000 


680,000 


680,000 




Blue 


Gray 


Yellow 






.750,000 


750,000 


Violet 


Green 


Yellow 




820,000 


820,000 




Gray 


Red 


Yellow 






910,000 




White 


Brown 


Yellow 


1.0 Mi? 


1.0 Mi? 


1.0 MQ 


1.0 Mi? 


Brown 


Black 


Green 






1.1 MQ 




Brown 


Brown 


Green 




1.2 Mi? 


1.2 MQ 




Brown 


Red 


Green 






1.3 MQ 




Brown 


Orange 


Green 


1.5 Mi? 


1.5 MQ 


1.5 Mi? 


1.5 Mi? 


Brown 


Green 


Green 






1.6 MQ 




Brown 


Blue 


Green 




1.8 MQ 


1.8 MQ 




Brown 


Gray 


Green 






2.0 MQ 


2.0 Mi? 


Red 


Black 


Green 


2.2 Mi? 


2.2 MQ 


2.2 MQ 




Red 


Red 


Green 






2.4 MQ 




Red 


Yellow 


Green 




2.7 MQ 


2.7 MI? 




Red 


Violet 


Green 






3.0 Mi? 


3.0 Mi? 


Orange 


Black 


Green 


3.3 Mi? 


3.3 MQ 


3.3 Mi? 




Orange 


Orange 


Green 






3.6 Mi? 




Orange 


Blue 


Green 




3.9 MQ 


3.9 Mi? 




Orange 


White 


Green 








4.0 Mi? 


Yellow 


Black 


Green 






4.3 Mi? 




Yellow 


Orange 


Green 


4.7 Mi? 


4.7 MQ 


4.7 Mi? 




Yellow 


Violet 


Green 








5.0 Mi? 


Green 


Black 


Green 






5.1 Mi? 




Green 


Brown 


Green 




5.6 Mi? 


5.6 MQ 




Green 


Blue 


Green 








6.0 Mi? 


Blue 


Black 


Green 






6.2 Mi? 




Blue 


Red 


Green 


6.8 Mi? 


6.8 MQ 


6.8 Mi? 




Blue 


Gray 


Green 








7.0 Mi? 


Violet 


Black 


Green 






7.5 Mi? 




Violet 


Green 


Green 








8.0 Mi? 


Gray 


Black 


Green 




8.2 MQ 


8.2 Mi? 




Gray 


Red 


Green 








9.0 Mi? 


White 


Black 


Green 






9.1 Mi? 




White 


Brown 


Green 


10 Mi? 


10 MP 


10 Mi? 


10 Mi? 


Brown 


Black 


Blue 
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(iv) Colour code for moulded mica capacitors 

The Standard American R.T.M.A. Colour Marking (R.C.M.) uses six dots for 
moulded mica capacitors. 

(R.T.M.A. Standard REC-115-A, May 1951) (Fig. 38.4). 

Dot (1) : White indicates R.T.M.A. moulded mica capacitor colour coding. 

Black indicates JAN colour coding (see below). 

Any other colour indicates old R.M.A. 6 dot system. 
Dot (2) : First digit of capacitance (see Table 7 below). 
Dot (3) : . Second digit of capacitance (see Table 7 below). 
Dot (4) : Class of capacitor (see REC-115-A). 
Dot (5) : Tolerance (see Table 7 below). 
Dot (6) : Multiplier for capacitance (see Table 7 below). 



Dot I 0ot2 0ot3 



bid 



NAME 

o o o 



Dot4 Dot 5 Dot 6 

FIG. 38.4 



9> 9> 9) 



Corner Dot 
W NAME 

£23 



Dot I Dot 2 Dot3 

FIG. 38. 5 



Dot2 Dot3 
FIG. 38.6 



Fig. 38.4. Colour code for moulded mica capacitors (6 dot). 
Fig. 38.5. Colour code for moulded mica capacitors (3 dot). 
Fig. 38.6. Colour code for moulded mica capacitors (4 dot). 

TABLE 7 : R.T.MA. MOULDED MICA CAPACITORS 



Colour 


Numeral 


Multiplier 


Tolerance 


Class 


Black 





1 


20% 


A 


Brown 


1 


10 




B 


Red 


2 


100 


2% 


C 


Orange 


3 


1000 


3% 


D 


Yellow 


4 


10 000 




E 


Green 


5 




5% 




Blue 


6 








Violet 


7 








Grey 


8 






I 


White 


9 






J 


Gold 




0.1 






Silver 




0.01 


10% 





JAN-C-5 six dot colour marking (Fig. 38.4) 

In the JAN-C-5 code the black Dot 1 signifies a mica dielectric capacitor. Dot 4 
gives the capacitor characteristic (for details see JAN specification). The remaining 
dots have the same significance as in the R.C.M. system. 

Old R.M.A. six dot colour marking (Fig. 38.4) 

Dots 1, 2 and 3 signify the first three significant figures of the capacitance. Dot 4 
signifies the rated direct working voltage. Dot 5 gives the percentage tolerance. 
Dot 6 gives the decimal multiplier. 

Three dot system 

This applies only to capacitors with 500 volt ratings and ±20% tolerances in 
capacitance (Fig. 38.5). 
Dot 1 gives the first significant figure. 
Dot 2 gives the second significant figure. 
Dot 3 gives the decimal multiplier. 
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Four dot system 

To extend the usefulness of the three dot system, a fourth dot is sometimes added 
in the top left-hand corner (Fig. 38.6) to indicate the percentage tolerance. 
See also Sect. 3(v) for standard moulded mica capacitors. 

(v) Colour code for ceramic dielectric capacitors 
(A) R.M.A. Standard REC-107, Oct. 1947 

The colour markings consist of five colours, one of which unambiguously marks 
the end of the capacitor bearing the inner-electrode terminal while the remaining 
four colour markings are successively closely adjacent along the length of the capaci- 
tor ; an indicator is provided to avoid ambiguity in the interpretation of the signifi- 
cance of the position of the colour markings. 

The end colour indicates the temperature coefficient in accordance with Table 8 
below. 

The first and second colour markings indicate the first and second digits of the value 
of the capacitance in micro-microfarads. 

The third colour marking indicates the decimal multiplier of the value of the 
capacitance. 

The fourth colour marking indicates the capacitance tolerance in accordance with 
Table 8 below. 

TABLE 8 



Position 


End 


Nos. 1, 2 


No. 3 


Nc 


j. 4 




Temperature 






Capacitance tolerance 


Colour 


coeff. parts/ 


Significant 


Decimal 












million/ C C 


figure 


multiplier 


C> 10 /^F 


C< 10/i/xF 


black 








1 


±20% 




brown 


-30 


1 


10 


± 1% 


±0.1 tifiF 


red 


-80 


2 


10 2 


± 2% 




orange 


-150 


3 


10 3 


±2.5% 




yellow 


-220 


4 


10* 






green 


-330 


5 




± 5% 


±0.5 wF 


blue 


-470 


6 








violet 


-750 


7 








grey 


+30 


8 


0.01 




±0.25 wF 


white 


General pur- 
pose con- 
denser* 


9 


0.1 


±10% 


■±1.0/*/*F 



Capacitance change 

silver ±25% (Class 4 capacitors) 

silver ±25%, — 50% (Class 5 capacitors) 



*May have any nominal temperature coefficient between + 120 and —750 parts per million per degree 
Centigrade 3 at option of the manufacturer. 
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(B) British R.I.C. colour code for ceramic dielectric 


capacitors, RIC/133 


(Ref. F7) 














End 














Colour 


1st dot, 1st 


2nd dot, 


3rd dot 


4th dot 


Tolerance 


Colour 


(Temper- 


significant 


2nd signi- 


Multiplier 












ature 


figure 


ficant 




10/X/LtF 


More than 




Coeffici- 




figure 




or less 


10 /x/xF 




ent)* 












Black 


N90 








1 


±2.0 /i/iF 


±20% 


Brown 


N030 


1 


1 


10 


±0.1 /*/iF 


± 1% 


Red 


N080 


2 


2 


100 




± 2% 


Orange 


N150 


3 


3 


1000 




±2.5% 


Yellow 


N220 


4 


4 


10 000 






Green 


N330 


5 


5 




±0.5 M/iF 


± 5% 


Blue 


N470 


6 


6 








Violet 


N750 


7 


7 








Grey 


P030 


8 


8 


0.01 


±0.25 nfiF 




White 


P100 


9 


9 


0.1 


±1.0 nnF 


±10% 



*N signifies negative, P signifies positive temperature coefficient. Figures give parts per million per °C. 
See also Sect. 3(vi) for standard ceramic dielectric capacitors. 



(vi) Colour code for i-f transformers 

(R.M.A. Standard REC-114, March 1948, for 455 Kc/s) 

Blue — plate lead. 

Red— B + lead. 

Green — grid (or diode) lead. 

White — grid (or diode) return. 
(For " full-wave " transformer, the second diode lead will be violet). 

(vii) Colour code for a-f transformers and output transformers 

(R.M.A. Standard U.S.A. S410, M4-507, May 1935) 

Blue — plate (finish) lead of primary. 

Red — B+ (this applies whether primary is plain or centre-tapped). 

Brown — plate (start) lead on C.T. primaries. Blue may be used for this lead if 
polarity is not important. 

Green — grid (finish) lead to secondary (hot end of voice coil). 

Black — grid return (this applies whether the secondary is plain or centre tapped). 

Yellow — grid (start) lead on centre-tapped secondaries. (Green may be used 
for this lead if polarity is not important). 
Note : These markings apply also to line-to-grid and valve-to-line transformers. 

(viii) Colour code for power transformers 

(R.M.A. Standard S410, M4-505, May 1935) 

1. Primary leads — no tap Black 

If tapped — Common Black 

Tap : Black and yellow 50/50 striped design 
Finish : Black and red 50/50 striped design 

2. Rectifier — Plate winding Red 

Centre tap : Red and yellow 50/50 striped design 

3. Rectifier — Filament winding Yellow 

Centre tap : Yellow and blue 50/50 striped design 

4. Amplifier — Filament winding No. 1 Green 

Centre tap : Green and yellow 50/50 striped design 
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5. Amplifier — Filament winding No. 2 Brown 

Centre tap : Brown and yellow 50/50 striped design 

6. Amplifier — Filament winding No. 3 Slate 

Centre tap : Slate and yellow 50/50 striped design 

(ix) Colour code for loudspeakers 

(R.M.A. Standard U.S.A. M5-181 Nov. 1936) 
Loudspeaker field coils 

Black and red* — start. 

Yellow and red* — finish. 

Slate and red— tap (if any). 
Note : If two field coils are fitted to the same loudspeaker, the basic colour coding 
is used for the lower resistance field, and green is substituted for the red in the higher 
resistance field. 

Loudspeaker transformer primaries 
Centre-tapped 

Blue or brown — start 

Blue — finish 

Red — centre tap 

Untapped 

Redt — start 

Blue — finish 

Loudspeaker transformer secondaries 

Black — start 
Green — finish 

Standard pin arrangement 4A 

Pin 1 (large) Yellow and red (field finish). 

Pin 2 Blue or brown (transformer start) for push-pull. 

No connection or red (transformer start). 
Pin 3 Blue (transformer finish). 
Pin 4 (large) Black and red (field start). 

Standard pin arrangement 5A 

Pin 1 Yellow and red (field finish). 
Pin 2 Blue or brown (transformer start). 
Pin 3 Red (transformer centre-tap). 
Pin 4 Blue (transformer finish). 
Pin 5 Black and red (field start). 
The start, tap and finish of all windings occur in clockwise order around the plug 
pins when the plug is viewed from the socket end. 

(x) Colour code for chassis wiring 

(A) R.M.A. Standard U.S.A. REC-108-A (December 1949) 

Colour Circuit 

Black Grounds, grounded elements, and returns 

Brown Heaters or filaments, off ground 

Red Power supply B + 

Orange Screen grids 

Yellow Cathodes 

Green Control grids 

Blue Plates 

Violet Not used 

Grey A.C. power lines 

White Above or below ground returns, a.v.c, etc. 

•Some manufacturers use a single colour, omitting the red. 
fSome manufacturers use brown whether tapped, or untapped. 
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When leads for antenna and ground connections are provided on the receiver, it 
shall be standard to colour code the antenna lead blue and the ground lead black. 
Special antenna connection leads shall be coded with combinations of blue and black. 

(B) RTMA Standard Colour marking of thermoplastic insulated hook-up 
wire, GEN-104 (July 1951) 

Colour coding for thermoplastic hook-up wire without fabric braids shall be accom- 
plished either by the use of solid coloured insulation or by natural colour or white 
insulation with coloured helical stripes. It is intended that these wires be inter- 
changeable by colour with fabric braid wires. Where, in fabric, braids consist of 
solid colours with tracer threads of contrasting colours, this standard implies that 
base colour stripe (wide stripe) is used in lieu of solid coloured fabric braid. Helical 
tracer stripes are used in lieu of contrasting colour threads in fabric braid-covered 
wire. 

(xi) Colour code for battery cables 

(American R.M.A. Standard S-410, M4-508, April 1939) 

A + Red B intermediate White 

A - Black C + Brown 

B + Blue C intermediate Orange 

B - Yellow C - Green 

(xii) Colour code for metallized paper capacitors 

A 3 dot colour code may be used to indicate capacitance in ppF. Dot 1 gives the 
first significant figure. Dot 2 gives the second significant figure (Table 7 col. 2). 
Dot 3 gives the multiplier (Table 7 col. 3). 



SECTION 3: STANDARD RESISTORS AND CAPACITORS 

(j) Standard fixed composition resistors (») Standard fixed voire wound resistors 
(iii) Fixed paper dielectric capacitors in tubular non-metallic cases (iv) Metal encased 
fixed paper dielectric capacitors for d.c. application (v) Standard fixed mica dielectric 
capacitors (vi) Standard ceramic dielectric capacitors (vii) Standard variable capaci- 
tors (viii) Standard variable composition resistors (ix) Standard metallized paper 
dielectric capacitors (x) Standard electrolytic capacitors (xi) References to standard 
resistors and capacitors. 

The information in this Section is in the form of summaries or extracts from certain 
recognized standards, and is necessarily incomplete. The purpose of this Section is, 
in part, to draw the attention of design engineers to the importance of the information 
obtainable from such standards. However, all design engineers are urged to secure 
up-to-date copies of the official standard specifications under which they work. 

See also Chapter 4 Sect. 9 for general information. 

(i) Standard fixed composition resistors 

(A) American R.M.A. Standard REC-116, July 1948 

Values of resistance from 1 ohm to 100 megohms. The preferred values of re- 
sistance, over the range from 50 ohms to 10 megohms, are shown in Table 6 in Sect. 
2(iii). The complete list is given in the R.M.A. Standard REC-116. These pre- 
ferred values have been adopted in U.S.A. and to some extent in England, but not 
universally. The old standard resistance values, shown in bold typeface, are generally 
used where the prcicrreu values .nave not ueen auopteu. 

The tolerance in resistance is ±5%, ±10% or ±20% as desired. 
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The resistance-temperature characteristic is expressed as the change of 
resistance between ambient temperatures of +25°G and +85°C in the form of the 
percentage of the resistance at 25 °C. 

The voltage coefficient is given by 

., . „ . 100 (R, - R 2 ) 111 (R, - R 2 ) 
Voltage coefficient = -=-r= =y- = — 

where E x = rated continuous Working voltage (to give rated power dissipation, 
or maximum continuous voltage rating, whichever is the higher) 
E 2 = EJ\0 

R 1 = resistance measured with applied voltage E t 
and R 2 = resistance measured with applied voltage E 2 . 

The test is carried out firstly with reduced voltage (E 2 ), and immediately afterwards 
with voltage E x . 

The noise is measured by connecting the resistor in a d.c. circuit and comparing 
the noise voltage with an audio frequency of 1000 c/s. The measuring equipment 
includes an amplifier, filter and valve voltmeter (for details see REC-116). The 
noise is expressed in microvolts per volt (applied direct voltage). 
Ambient temperature— effect on maximum working voltage 

Temperature 40° 60° 80° 85° 100° 110°C 

Max. voltage 100% 77.5% 55% 50% 20% 

For colour code see Sect. 2(i). 

(B) American JAN-R-11 (Ref. El) 

Some commercial resistors are manufactured in accordance with JAN-R-11 speci- 
fications while these are compulsory for use in American Army/Navy equipment. 

There are two resistance-temperature characteristics ; characteristic F has one 
half the change in resistance of characteristic E. The de-rating curve is tabulated 
on page 187. The maximum surface temperature is 135 °C. The maximum con- 
tinuous working voltage is : 



Type RC15 




(i watt) 200 volts 


RC10, 16 




(1- watt) 250 , 


RC20, 21, 


25 


(i watt) 350 , 


RC30, 31, 


35 


(1 watt) 500 3J 


RC38 




(1 watt) 1000 


RC40, 41, 


45 


(2 watts) 500 „ 


RC65 




(4 watts) 500 „ 


RC75, 76 




(5 watts) 500 „ 



The voltage coefficient shall not exceed 0.035% per volt for J and \ watt ratings, or 
0.02% per volt for larger ratings. Tests are specified for temperature cycling, 
humidity, vibration, effect of soldering, overloading etc., also salt water immersion 
and insulation strength where applicable. The root mean-square value of the noise 
generated shall not exceed 3.0 r.m.s. ^V/V at the rated continuous working voltage 
for i and £ watt ratings, or 1.2 r.m.s. /j-V/V for larger ratings, frequency characteristic 
— 3 db at 70 and 5000 c/s). Marking, resistance values and tolerances are as R.M.A. 
REC-116. 

Amendment No. 3 provides for a characteristic G which has an ambient temperature 
of 70 °C with a linear de-rating characteristic which reaches zero at 130°F. 

(C) British R.I.C. Specification No. RIC/112 

Grade 1 (high stability). Issue No. 1, May 1950. Resistance values follow the 
series, 1, 1.1, 1.2, 1.3, 1.5, 1.6,1.8, 2.0,2.2,2.4,2.7,3.0,3.3,3.6, 3.9,4.3,4.7,5.1,5.6,6.2, 
6.8, 7.5, 8.2, 9.1, 10 for all tolerances. Range 10 ohms to 10 megohms with some 
limitations. 

Tolerances ± 1%, ±2%, ±5%. 

Ratings &, J, £, |, 1, 2 watts. 

Colour code (five colours) — see Sect. 2(i)B. 

The surface temperature shall not exceed 150 °C. The voltage coefficient shall 
not exceed 0.002% per volt. The noise shall not exceed 0.5 /nV per volt (d.c). Re- 
sistance change with soldering shall not exceed ±0.3%. 
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Temperature 


coefficient 












Watts 


£ 


i 


* 


* 


1 and 2 


Temp, coeff. 


Res up to 
Res. up to 
Res. up to 


100K 
0.5M 
2.5M 


250K 

IM 

5M 


0.5M 
2.5M 
10M 


IM 

5M 

10M 


2M 
10M 


to -0.0004 
to -0.0008 
to —0.001 



Permissible variation in resistance 
tropical exposure, humid atmosph 


after climatic and durability tests 3 
ere, salt atmosphere : 


endurance, 


Permissible variation 


£W 


w 


iW 


fW 


land2W 


1 % up to resistance of 

'I/O )) 11 11 JJ 
~ /O J3 11 11 JJ 
* /O 11 1} 11 JJ 


10K 
100K 
0.5M 
2.5M 


25K 
250K 
IM 
5M 


50K 
0.5M 

2.5M 

10M 


100K 
IM 
5M 

10M 


200K 

2M 

10M 



Rating curve (dissipation) 100% to 70°C ambient temperature, then decreasing 
linearly to 0% at 150°C. 

(D) British R.I.C. Specification No. RIC/113 

Grade 2. Issue No. 1, June 1950. 

Resistance values as Table 5 for corresponding tolerances. 

Range 10 ohms to 10 megohms with some limitations. 

Tolerances ±20%, ±10%, ±5%. 

Ratings — axial, non-insulated : £, 1 watt 

radial, non-insulated 1/10, f, 1, 2\ watts, 
axial, insulated : i, i, f, 1 watt. 

Colour code — see Sect. 2(i)C. 

The surface temperature shall not exceed 120°C. The voltage coefficient shall not 
exceed 0.025% per volt (below 1 megohm), or 0.05% (1 megohm and above). Tem- 
perature coefficient shall not exceed 0.12%. Resistance change with soldering shall 
not exceed ±2%. Rating curve (dissipation) : 100% at 70°C, decreasing linearly 
to 0% at 110°C, and increasing to 175% at 40°C ambient temperature. 

(ii) Standard fixed wire wound resistors 

(A) American R.M.A. Standard REC-117, July 1948 

There are three styles : 
Style No. 
Max. watts dissipation at 40°C 

ambient 
Minimum resistance, ohms 
Maximum resistance, ohms 
Standard tolerances : 

More than 10 ohms 

10 ohms or less 



RRU3 



RRU4 



RRU6 



* 


1 


2 


0.24 


0.47 


1.0 


820 


5100 


8200 



5% 10% 20% 5% 10% 20% 
10% 20% 10% 20% 



5% 10% 20% 
10% 20% 

The preferred values of resistance are as for composition resistors, except for the 
extension to lower values. 
Ambient temperature — effect on max. working voltage 

Temperature 40° 70° 100° 110°C 

Max. voltage 100% 60% 20% 

Power rating — in still air at 40°C ambient temperature the temperature rise should 
not exceed 70 °C for styles 3 and 4, and 95 °C for style 6, for the rated power input. 
At temperatures higher than 40 °C, with reduced working voltage and power dissipation 
as tabulated above, the hot spot temperature should not exceed 110°C for styles 
3 and 4, and 135°C for style 6. 
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Resistance change with temperature 

The change in resistance referred to an ambient temperature of 25 °C shall not be 
more than ±0.025% per 1°C for all resistors over 10 ohms, and not over ±0.15% 
per 1°C for 10 ohms and lower. 
Marking 
Typical marking RRU3 511 J. 
RRU3 indicates fixed wire wound resistor, style 3. 

511 indicates resistance. The first two digits are the significant figures of 
the value of resistance in ohms, while the last digit indicates the number 
of zeros which follow the significant figure. The letter R indicates a 
decimal point e.g. 511 indicates 51 x 10 = 510 ohms. 
R56 indicates 0.56 ohms. 
J indicates the tolerance : 

symbol J K L 

tolerance ±5% ±10% ±20% 

(B) American JAN-R-26A, JAN-R-19, JAN-R-184 should also be examined. 
See (xi) below for list. 

(C) British R.I.C. Specification No. RIC/111 

Resistors, fixed, wirewound, non-insulated. Issue No. 1, July 1950. 
Resistance values (all tolerances) as column 3 in Table 6. 
Tolerances ±1%, ±2%, ±5%, ±10%. 
Colour code as Fig. 38.2B, with Table 5. 

(iii) Fixed paper dielectric capacitors in tubular non-metallic cases 

(A) American R.M.A. Standard REC-118, Sept. 1948 

TABLE 9 



Nominal 


Standard 














capacitance 


tolerance 






Voltage Ratings 




1.0 /*F 


+20%, 


-io% 


100 


200 


400 


— 


— 


— . 


0.5 


+20%, 


-io% 


100 


200 


400 


600 


— 


— 


0.25 


+20%, 


-io% 


100 


200 


400 


600 


— 


— 


0.15 


+20%, 


-io% 


100 


200 


400 


600 


1000 


— 


0.10 


+20%, 


-20% 


100 


200 


400 


600 


1000 


— 


0.05 


+20%, 


-20% 


100 


200 


400 


600 


1000 


1600 


0.03 


+20%, 


-20% 


100 


200 


400 


600 


1000 


1600 


0.02 


+20%, 


-20% 


100 


200 


400 


600 


1000 


1600 


0.01 


+20%, 


-20% 


100 


200 


400 


600 


1000 


1600 


0.005 


+40%, 


-20% 


— 


— 


— 


600 


1000 


1600 


0.003 


+40%, 


-20% 


— 


— 


— 


600 


1000 


1600 


0.002 


+40%, 


-20% 


— 


— 


— 


600 


1000 


1600 


0.001 


+60%, 


-25% 


■' 






600 


1000 


1600 



Insulation Resistance at 25 °C 



TABLE 


10 


Nominal capacitance 


Insulation resistance not less than: 


1.0 M F 
0.5 
0.25 
0.001 to 0.15 


1000 megohms 
2000 megohms 
4000 megohms 
5000 megohms 



1348 (iii) PAPER CAPACITORS IN TUBULAR NON-METALLIC CASES 38.3 



To determine the minimum insulation resistance at temperatures from 20 °C to 
40°Cj multiply the values above by the factor : 

°C 20 25 30 35 40 

Factor 1.42 1.00 0.71 0.51 0.35 

At still higher temperatures see Table 11. 







TABLE 11 








Insulation resistance at elevated temperatures 




Capacitance 














H-F 


65°C Class W* 


85°C Class M* 


1.0 




not less than 25 megohms 


not less than 10 megohms 


0.5 




not less than 50 megohms 


not less than 20 megohms 


0.25 




not less than 100 megohms 


not less than 40 megohms 


0.15 




not less than 166 megohms 


not less than 66 megohms 


0.10 




not less than 250 megohms 


not less than 100 megohms 


0.05 




not less than 250 megohms 


not less than 200 megohms 


0.03 


to 0.001 


not less than 250 megohms 


not less than 250 megohms 



♦Classification 

Class W Operating temperature range — 30°C to +65°C. Power factor not 
greater than 2%. Resistance to humidity as below. Insulation resist- 
ance at 65 °C as below. 

Class M Operating temperature range — 30 °C to +85°C. Power factor not 
greater than 1%. Insulation resistance at 85 °C as above. 

Humidity resistance (Class W only) 

After humidity treatment (see REC-118 for details), the insulation resistance shall 
not be less than : 

Nominal capacitance 0.001 to 0.15 0.25 0.5 1.0 /xF 

Insulation resistance 1750 1400 700 350 Mfl 

Power Factor Class M — not more than 1%. 
Class W — not more than 2%. 
Marking. Typical marking RCP10 W 6 504 K 
RCP10 = RMA Standard Capacitor employing Paper Dielectric, with non- 
metallic cylindrical enclosure equipped with axially positioned wire 
leads. 
W = Class (see above). 

6 = Voltage in units of 100 volts. 

504 = Indicating capacitance 50 x 10* giving capacitance in micro-micro- 
farads. 
K — tolerance. 

K indicates +10%, -10% X indicates +40%, -20% 

L indicates +20%, -10% Y indicates +60%> -25% 

M indicates +20%, -20% 

(B) American JAN-C-91 should also be examined. See (xi) below for list. 

(C) British R.I.C. Specification No. RIC/131 

Issue No. 1, July 1950. 

Capacitance values conform to the series 1, 2, 5, 10, etc. 

Capacitance range 0.001 to 2 /xF. 

Tolerances ±25% up to and including 0.01 /*F. 

±20% above 0.01 ^F. 

±10% (Red Group only). 
Maximum voltage ratings (d.c.) 150, 350, 500, 750, 1000 volts at rated temperature 
Rated temperature 70°C (Red and Yellow) ; 60°C (Green). 
Power factor shall not exceed 0.01. 



38.3 (iii) PAPER CAPACITORS IN TUBULAR NON-METALLIC CASES 1349 



Insulation resistance (one month after delivery) shall not be less than 2000 ohm- 
farads or 10 000 MJ2 whichever is the less, for Red and Yellow, or 500 ohm-farads or 
2500 M.Q, whichever is the less, for Green. 

Tests are specified for climatic and durability, humid atmosphere, tropical exposure, 
endurance etc. 

This specification also includes capacitors in metallic and ceramic cases. 

(iv) Metal encased fixed paper dielectric capacitors for d.c. applica- 
tion 
(A) American R.M.A. Standard TR-113 (April 1949) 

TABLE 12 



Nominal 


Standard 














Capacitance 


Tolerance 




Voltage ratings* 


(up to 


40 °C) 


50 /xF 


±10% 








600 






25 


±10% 








600 






20 


±10% 








600 






15 


±10% 








600 


1000 


1500 


12 


±10% 








600 


1000 


1500 


10 


±10% 








600 


1000 


1500 


8 


±10% 








600 


1000 


1500 


6 


±10% 








600 


1000 


1500 


4 


±10% 








600 


1000 


1500 


2 


±10% 




200 




600 


1000 


1500 


1 


+20%, -10% 




200 


400 


600 


1000 


1500 


0.5 


+20%, -10% 




200 


400 


600 


1000 


1500 


0.25 


+20%, -10% 




200 


400 


600 


1000 


1500 


0.1 


+20%, -20% 


100 


200 


400 


600 


1000 


1500 


0.05 


+20%, -20% 






400 


600 


1000 


1500 


0.02 


+20%, -20% 


100 






600 


1000 


1500 


0.01 


+40%, -20% 


100 


200 




600 


1000 


1500 


0.006 


+40%, -20% 


100 






600 


1000 


1500 


0.003 


+40%, -20% 








600 


1000 


1500 


0.001 


+60%, -25% 


100 













* Voltage ratings above 1500V are not shown here. 

Life : The voltage ratings given above, and the reduced voltage ratings for tem- 
peratures above 40°C, are based on an expected life of 1 year continuous operation at 
these temperatures. Longer life can be expected by operation at still lower voltages, 
e.g. 5 years at 70% of the values indicated. 

Working voltage : The average working voltage over 24 hours should not exceed 
the adjusted lated voltage by more than 5%. A voltage of 110% of the rated voltage 
may be applied for not more than 10% of the operating time in any 24 hour period. 

Alternating current component : In cases where alternating voltages are pre- 
sent in addition to direct voltages, the capacitor working voltage should be taken as 
the sum of the direct voltage and the peak value of the alternating voltage, provided 
that the peak alternating voltage does not exceed 20% of the direct voltage and that 
the frequency is 60 c/s or less. At higher frequencies the voltage should be adjusted 
as tabulated below : 

Frequency 60 100 200 400 1000 4000 10 000 c/s 

Ripple 20 16 12 9 6.2 2.8 1 % 
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Insulation resistance 

Minimum insulation resistance in megohms : 

TABLE 13 



Temperature 


25°C 


40°C 


55°C 


70°C 


85°C 




Characteristic A 
Characteristic B 
Characteristic C 


3000 

1000 

500 


1000 
300 
150 


300 

100 

50 


100 
30 
15 


30 

10 

5 


MQ 
MQ 


Effect of temperature o 


n capacitance (basis = 25 °C) 
TABLE 14 






Temperature 


85 °C 


50°C 


25°C 


0°C 


-40°C 


Maximum tolerances : 
Characteristic A 
Characteristic B or C 


±5% 
±5% 


±2% 
±2% 


±0 
±0 


± 2% 
/ + 2% 
I -30% 


± 5% 
+ 5% 
-30% 



Effect of ambient temperature on voltage rating 

Where condensers are used at ambient temperatures in excess of 40°C, the working 
voltage shall be reduced as indicated below : 

TABLE 15 



Temperature 


40°C 


50°C 


60°C 


70°C 


80°C 


85°C 


Voltage rating (1) 
Voltage rating (2) 


100% 
100% 


98% 
97.5% 


94% 
92% 


86% 
82.5% 


74% 
66% 


65% 
55% 



Voltage rating (1) applies to condensers with a watt-second rating from to 5. 
Voltage rating (2) applies to watt-second ratings over 5 (Voltage ratings over 2000 V 
are not included here). 
Watt-second rating 

Watt-second rating = %CE 2 
where C = capacitance in microfarads 
and E = nominal rating in kilovolts. 

For other details and standard tests see TR-113-A. 
Marking— Typical marking 71 B 1 A H 205 K. 
71 indicates style (case form)* 
B indicates terminal designation 

(A indicates wire lead, B indicates solder lug, C indicates screw and nuts). 
1 indicates schematic circuit and number of terminals*. 
A indicates characteristic (A, B or C) — see above. 
H indicates nominal voitage rating, as under : 

Code letter B C E F G 

Voltage 100 200 400 600 1000 

205 indicates capacitance (here 20 x 10 5 /ujuF). 
K indicates tolerance : 

Code letter K L V M 

Tolerance ±10% ±15% -10%, +20% ±20% 
Code letter X Y 

■"*"■ * or\o/ i Ann/ O^O.' \_f.t\Qf 



H 
1500 



etc. 
etc. 



W 

-0,+25% 



♦For details see TR-113-A. 
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The tolerance code may be omitted if the tolerance is standard (see table above). 

(B) American JAN-C-25 should also be examined. See (xi) below for list. 

(C) British R.I.C. Specification No. RIC/131 

This specification includes both metallic and non-metallic cases — see Sect. 3(iii)C. 

(v) Standard fixed mica dielectric capacitors 

(A) Standard molded mica capacitors (American R.M.A. Standard REC-115-A, 
May 1951). 



Nominal capacitance (/x/iF) 



TABLE 19 



10 


36 


100 


300 


820 


2400 


6800 


.020 ^F 


12 


39 


110 


330 


910 


2700 


7500 


.022 fiF 


15 


43 


120 


360 


1000 


3000 


8200 


.024 fiF 


18 


47 


130 


390 


1100 


3300 


9100 


.027 /xF 


20 


51 


150 


430 


1200 


3600 


.010 /xF 


.030 /tF 


22 


56 


160 


470 


1300 


3900 


.011 M F 


.033 fiF 


24 


62 


180 


510 


1500 


4300 


012 pF 


.036 fiF 


27 


68 


200 


560 


1600 


4700 


.013 /iF 


.039 fiF 


30 


75 


220 


620 


1800 


5100 


.015 ^F 


.043 nF 


33 


82 


240 


680 


2000 


5600 


.016 /iF 


.047 [iF 




91 


270 


750 


2200 


6200 


.018 fi-F 





These are available in 1 1 styles, but any one value of capacitance is only available 
in a limited number of styles. 

Standard d.c. voltage ratings 

At temperature — 20°Cto +85°C 
relative humidity 10% to 80%. 



barometric pressure 28 in. to 32 in. of mercury ; 



TABLE 20 



Voltage rating 


Available in styles 


300 


20, 25, 30, 35, 40 


500 


20, 25, 30, 35, 40 


600 


45, 50, 55 56, 60, 61 


1000 


40 


1200 


45, 50, 55, 56, 60, 61 


2500 


45, 50, 55, 56, 60, 61 



Standard Classification 



TABLE 21 





Q* 


Insul. Resist. 


Temp, coeff.t 


Capacit. drift 


Class 


not less than 


not less than 


not more than 


not more than 


A 


30% 


3000 M.Q 


± 1000 ppm 


± (5% + 1) ^F 


B 


100 


6000 


± 500 


+ (3% + 1) 


C 


100 


6000 


± 200 


± (0.5% + 0.5) 


I 


100 


6000 


+ 150, -50 


± (0.3% + 0.2) 


D 


100 


6000 


± 100 


± (0.3% +0.1) 


J 


100 


6000 


+ 100, -50 


± (0.2% + 0.2) 


E 


100 


6000 


+ 100, -20 


±(0.1% +0.1) 



♦Not less than this percentage of values tabulated below : 

Nomin. capacit. 7 10 20 40 60 100 200 1000 ^i.F 

Minimum Q 120 160 280 450 580 760 1000 1000 
(Q is measured at approximately 1 Mc/s). 
f Temperature coefficient of capacitance, being capacitance change in parts per million per °C. 
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Insulation resistance after humidity cycle : 

Class A capacitors — not less than 1000 megohms. 
Other classes — not less than 2000 megohms. 
Marking (alternative to colour code for which see Sect. 2(iv)). 
Typical marking RCM 20 A 050 M 

RCM = RMA Standard Capacitor employing Mica dielectric. 

20 = style designation (see SP158B). 

A = class designation (see above). 

050 = 05 x 10° == 5 nnF (capacitance). 

M indicates tolerance as under : 

Code letter G H J K M 

Tolerance ±2% ±3% ±5% ±10% ±20% 

(B) American JAN-C-5 should also be examined. See (xi) below for list. 

(C) British R.I.C. Specification RIC/132 
Mica dielectric, stacked foil (Ref. F6). 

Tolerance ±20%. Power factor shall not exceed 0.001. Insulation resistance 
shall not be less than 10 000 megohms. Capacitance values conform to the series 
10, 15, 22, 33, 47, 68 and 100. Range from 100 to 10 000 tiiiF. Voltage ratings 
350, 750 volts. 

(D) British R.I.C. Specification RIC/137 
Mica dielectric, metallized (Ref. F10). 

Tolerances ±20%, ±10%, ±5%, ±2%, subject to a minimum of ±1 /xtiF. 
Power factor shall not exceed 0.001 except on values below 47 /x/xF where the limit 
is 0.002. Insulation resistance shall not be less than 10 000 megohms. Capacitance 
values conform to the series, according to tolerance, given by the first three columns 
of Table 6. Range from 10 to 10 000 ju/xF. Voltage ratings 350, 750 volts (d.c.) 
at 70°C. 

(vi) Standard ceramic dielectric capacitors 
(A) American R.M.A. Standard REC-107, Oct. 1947 
Nominal capacitances (m/*F) 

TABLE 22 



0.5 0.75 1.0 1.5 


2.0 3.C 


) 4.0 


5.0 


6.0 


7.0 


8.0 9.0 10 12 


13 15 


18 


20 


22 


24 


27 30 33 36 


39 43 


47 


51 


56 


62 


68 75 82 91 


100 110 


120 


130 


150 


160 


180 200 220 240 


270 300 


330 


360 


390 


420 


470 510 560 620 


680 750 


820 


910 


1000 


1100 


1 200 1 300 1 500 1 600 


1 800 2 000 


2 200 


2 400 2 700 


3 000 


3 300 3 600 3 900 4 200 


4 700 5 100 


5 600 


6 200 6 800 


7 500 


8 200 9 100 10 000 11000 


12 000 13 000 


15 000 








Tolerances in capacitance 


TABLE 23 










Clssses 1, 2, 3 


Classes 4, 5 


All classes 


±20% 
±10% 
± 5% 
± 2i% 

± 2% 
± 1% 


±20% 


(Capacit. 10 puF or less) 
±2.0 ptiF 
±1.0 /x/xF 
±0.5 1111F 
±0.25 wF 
±0.1 npF 


Working voltage (peak) 

Classes 1, 2, 3 : 500 v 
Classes 4, 5 : 350 v 


olts (down to 3.4 in. 
olts (down to 3.4 in. 


merci 
merci 


ory) 
ory) 









38.3 



(vi) STANDARD CERAMIC DIELECTRIC CAPACITORS 1353 



Q and insulation 


resistance 






Class 


<2 not less than 


Insulation resistance not 
less than 


1 
2 
3 
4 
5 






1000* 

650* 

335* 

100 

40 


7500 megohms 

7500 

7500 

1000 

1000 



*For capacitances 30 WF and over. Lower values for lower capacitances. 

Capacitance drift with temperature cycling 

Classes 1, 2, 3 : not more than 0.3% or 0.25 [ipF whichever is the greater. 
Capacitance-temperature characteristic 

Classes 1, 2 and 3 : 

Standard characteristics — Change of capacitance over the range — 55 °C to +85°C 
per unit of capacitance at 25 °G per degree change in temperature : + 100, +30, zero, 
-30, -80, -150, -220, -330, -470, -750 parts per million per °C. 
Classes 4 and 5 : 

Maximum change in capacitance from its value at 25 °C over temperature range 
from -55°C to +85°C : 

Class 4 ±25% ; Class 5 -50%, +25%. 
Tolerances on temperature coefficient 

(when based on 2 point measurement, one at 25°C and one at 85°C) ±15, ±30, 
±60, ±120, ±250, ±500 parts per million per °C. 

An alternative method of measurement, with unsymmetrical tolerances, is also 
given in REC-107. 

Humidity tests— see REC-107. 
Marking 

Inner electrode terminal indicated by dot or depression. 
Typical marking : R2 CC 20 CH 100 G 
R2 indicates RMA Class 2 
CC indicates ceramic capacitor 
20 indicates style (see REC-107) 
CH indicates temperature characteristic and capacitance tolerance (see Table 1 

below) 
100 indicates capacitance (here 10 x 10° = 10 n^F). For values incorporating 
decimal fractions, R indicates decimal point, e.g., 1R5 indicates 1.5 ju^F, 
R75 indicates 0.75 ju^F 
G indicates tolerance (see Table 24 below) 

TABLE 24 





Tolerance for capacitance of 


Letter symbol 










10 /i/tiF or less 


more than 10 p^F 


B 


±0.1 /n/iF 


: i 


C 


±0.25 




D 


±0.50 




F 


±1.0 


± 1% 


G 


±2.0 


± 2% 


H 




± 2.5% 


J 




± 5% 


K 




±10% 


M 




±20% 



For alternative colour code see Sect. 2(v). 
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TABLE 25 





Capacitance-tempera- 




Capacitance tolerance 


First letter 


ture coefficient or per 


Second letter 


on temp, coeff. or per 


symbol 


cent decrease* in 


symbol 


cent increase* in 


A 


+ 100 parts/mln/°C 






B 


+ 30 parts/mln/°C 


F 


15 parts/mln/°C 


C 


Zero parts /mln/°C 


G 


30 parts /mln/°C 


H 


- 30 parts/mln/°C 


H 


60 parts/mln/°C 


L 


- 80 parts/mln/°C 


J 


120 parts/mln/°C 


P 


- 150 parts/mln/°C 


K 


250 parts/mln/°C 


R 


— 220 parts/mln/°C 


L** 


500 parts/mln/°C 


S 


- 330 parts/mln/°C 


Y 


25% 


T 


- 470 parts/mln/°C 


Z 


50% 


U 


— 750parts/mln/°C 






Y 


-25% 






Z 


-50% 







*From that at 25°C over temperature range — 55°C to 85°C. 

**Use only with first letter symbol S (characteristic) to indicate general purpose condenser which may 
have any nominal temperature coefficient between +120 and —750 parts per million per °C. 

TABLE 26 
Standard capacitance-temperature characteristics 



Capacit. 






First letter of 


temperature characteristic symbol 






ft/iF 


A 


B 


C 


H 


L 


P 


R 


S 


T 


U 


0.5 to 2.0 


K 


K 


— 


K 


K 


K 


K 


KL 


K 


- 


3 


JK 


JK 


JK 


JK 


JK 


JK 


JK 


JKL 


JK 


JK 


4 to 9 


HJK 


HJK 


HJK 


HJK 


HJK 


HJK 


HJK 


HJKL 


JK 


HJK 


10 to 91 


GHJK 


GHJK 


GHJK 


GHJK 


GHJK 


GHJK 


GHJK 


HJKL 


HJK 


HJK 


100 to 1600 


GHJK 


FGHJK FGHJK FGHJK GHJK 


GHJK 


GHJK 


HJKL 


HJK 


HJK 



(B) American JAN-C-20A and JAN-C-81 should also be examined. See (xi) 
below for list. 

(C) British R.I.C. Specification RIC/133 

Ceramic dielectric, Grade 1. (Ref. F7). 

Capacitance values conform to the series, according to tolerance, given by the first 
3 columns of Table 6. Range from 1 to 1000 /^F. Tolerances ±20%, ±10%, 
± 5 %, ± 2 %, subject to minimum of ± 1 jit/xF. Voltage ratings 500 and 750 volts (d.c.) . 

Temperature coefficient (standard) ±100, —30, —80, -470, -750 parts per 
million per °C, with tolerance ±40 ppm or ±15%, whichever is the greater. A 
special tolerance (available only on values of 47 fifiF and above) shall be ±40 ppm 
or 7£%, whichever is the greater. 

The power factor shall not exceed 0.0015. The insulation resistance shall not be 
less than 10 000 megohms. 

Colour code (optional) : see Sect. 2(v)B. 

(vii) Standard variable capacitors 
(A) R.M.A. air dielectric, tuning 

The standard capacitance range (American R.M.A. REC-106-A Class A) without 
trimmers (compensators) is given by table 27. 
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Min. capacitance (/xjuF) 


No. of plates 


Difference in 










capacitance (/i/*F) 


R-F 


Osc. 


25 


530.0 


not greater than 15.0 


— 


23 


485* 


not greater than 15.0 


— 


21 


441* 


not greater than 13.5 


13.0 


19 


397* 


not greater than 13.0 


12.0 


17 


353* 


not greater than 12.5 


11.5 


15 


309* 


— 


11.0 


13 


265* 


— 


10.5 


11 


221* 


— 


10.0 



The standard capacitance range (American R.M.A. REC-101 Class B) without 
trimmers is given by table 28. 

TABLE 28 



No. of plates 


Difference in 
capacitance (j*/aF) 


Min. Capacitance (miF) 


R-F 


Osc. 


27 
25 
23 
21 


420 
388* 
355* 
323* 


not greater than 13 

not greater than 11 
not greater than 10 


9 

* 

* 
* 



♦Calculated in proportion to the number of dielectrics. 

Tolerance in capacitance (Class A and Class B) : 
Reference section ±(1 /*/xF + 1% of tabulated value). 
Other sections compared with reference section ±(1 /t^tF + i%). 

Capacitance characteristics with maximum number of plates** 

TABLE 29 





REC-106-A Class A 


REC-101 Class B 


Dielectrics 


24 20 


26 | 18 


Rotation 


Difference in capacitance (up 


F) from that of zero position 


R-F Section(s) 


Oscillator 


R-F Section(s) 


Oscillator 


0* 


0.0 


0.0 


0.0 


0.0 


10% 


9.4 


7.3 


7.3 


5.1 


20% 


33.7 


29.1 


22.3 


15.2 


25% 


47.9 


41.8 


31.8 


21.1 


30% 


63.6 


55.1 


42.9 


27.7 


40% 


101.9 


84.5 


71.4 


43.3 


50% 


154.6 


119.0 


109.9 


61.9 


60% 


222.6 


157.5 


159.7 


82.9 


70% 


299.9 


196.8 


219.6 


104.9 


75% 


340.1 


215.4 


252.0 


115.7 


80% 


380.4 


232.4 


285.3 


126.0 


90% 


461.3 


262.5 


354.6 


145.5 


100% 


530.0 


285.2 


420.0 


162.0 



**With smaller number of plates, the capacitance values given above should be determined in pro- 
portion to the number of dielectrics. 
♦180° from 100% rotation position (i.e. mechanically maximum position). 
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Trimmers (compensators) : Each adds a maximum of 2.0 nnF to the minimum 
capacitance of the section. The minimum capacitance change of each compensator 
is 15 puF. 

Rotor torque : Class A : From 2 to 6 inch-ounces. Class B : From 2 to 5 inch- 
ounces. 

Slotted plates : The outside rotor plates shall be slotted radially. 

(B) R.I.C. air dielectric, tuning 

RIC/141 (Ref. Fll). This specification was incomplete at the time of going to 
press. 

(C) R.I.C. Capacitors, variable, preset, air dielectric 

RIC/142 (Ref. F12). This specification was incomplete at the time of going to 
press. 

(D) R.I.C. Capacitors, variable, preset, mica dielectric 

RIC/143 (Ref. F13). Single plate : variable between 2 to 15, 3 to 30, or 4 to 40 juftF. 
Multiple plate types with max. capacitance up to 3000 /i/xF are included. The speci- 
fication was incomplete at the time of going to press. 

(viii) Standard variable composition resistors ("potentiometers") 

(A) American RTMA Standard variable control resistors REC-121-A, 
July 1952. 

Resistance values 5000, 10 000, 25 000, 100 000, 250 000, 500 000 ohms, 1.0, 2.0 
megohms (total) 
Tapers 

Linear : 

Midpoint resistance = half total resistance. Minimum resistance between 
either terminal and shaft = 0.05% of total resistance for total resistances 
100 000 ohms and greater (higher percentages for lower total resistances) . 
" S " taper : 

25% resistance with 25% ± 3% rotation 
50% resistance with 50% ± 3% rotation 
75% resistance with 75% ± 3% rotation 
Minimum resistance as for linear type. 
10% clockwise modified logarithmic taper 

10% resistance with 50% ± 3% rotation. Min. resistances 0.02% and 1% 
of total resistance for 100 000 ohms and greater. 
20% clockwise modified logarithmic taper 
20% resistance with 50% ±3% rotation. 
Minimum resistances as for 10% logarithmic taper. 
10% counterclockwise modified logarithmic taper 
20% counterclockwise modified logarithmic taper 
(both as for clockwise type with ends reversed). 
(B; American JAN-R-94 should also be examined. See (xi) below for list. 
(C) British Radio Industry Council Specification No. RIC/122 for rotary 
variable resistors (Ref. Fl). 

Resistance in multiples of 1, 2, 5. Tolerances ± 20%. 
Dissipation range : 0.1 to 1.5 watts. 
Resistance range : 1000 ohms to 2 megohms. 

Logarithmic taper : (1) resistance between 5% and 15% of actual overall resistance 
at 45% to 55% effective rotation (2) resistance between 2% and 5% of actual overall 
resistance at 20% to 30% effective rotation 

Linear law : resistance between 35% and 65% of actual overall resistance at 45% 
to 55% effective rotation. 

Hop-on resistance : less than 50 ohms or 0.05% of overall resistance, whichever 
is the greater. 

Noise : not greater than 50 mV when tested under specified conditions with 20 
volts d.c. applied. 
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(ix) Standard metallized paper dielectric capacitors 

RIC/136 (Ref. F9). 

Capacitance values conform to series 1, 2, 5, 10 etc. Range of values from 0.0001 
to 2 /zF. Tolerance ±25 %. Voltage ratings 150, 250, 350, 500 volts (d.c ), 300 volts 
r.m.s. (20 to 120 c/s). The power factor shall not exceed 0.015 at 1000 c/s. The 
insulation resistance shall not be less than (a) for 2-foil types : 200 ohm-farads or 
1200 megohms, whichever is the less, (b) for single-foil — castellated — types (below 
0.05 fiF) : 10 000 megohms, (c) to case : 10 000 megohms, Colour code — see Sect. 
2(xii). 
(x) Standard electrolytic capacitors 

(A) JAN-C-62 specification : Capacitors, dry-electrolytic, polarized 
Working temperature 

Designation A B C 

Temp. (°C) to 85 -20 to +85 -40 to +85 
Voltage limits 

TABLE 30 



D E 

to 65 -20 to 65 



F 
40 to 65 



Designation 


Working voltage (d.c.) 


Surge voltage (d.c.) 


E 


15 


20 


F 


25 


40 


G 


50 


75 


H 


100 


150 


J 


150 


200 


K 


200 


250 


M 


250 


300 


N 


300 


350 


P 


350 


400 


Q 


400 


450 


R* 


450 


500 



♦Available only with working temperature designations D 3 E and F. 

Direct current leakage (under specified test conditions at rated working voltage) 
shall not exceed either 10 mA or the value calculated below, whichever is the smaller. 

I = KC + 0.3 
where / = d.c. leakage current in milliamperes 

C = rated capacitance in microfarads 
and K = 0.01 for rated working voltage 15 to 100, 
0.02 for rated working voltage 101 to 250, 
0.025 for rated working voltage 251 to 350, 
0.04 for rated working voltage 351 to 450. 
Tolerance in capacitance —10%; +250%. 

Equivalent series resistance (under specified test conditions at maximum rated 
voltage) shall not exceed the value of P tabulated below, divided by the rated capacit- 
ance in microfarads. 



Rated working voltage 


P 


Rated working voltage 


P 


15 


600 


250 


230 


25 


500 


300 


210 


50 


400 


350 


200 


100 


330 


400 


200 


150 


300 






200 


250 


450 


200 



Test conditions : 20°C to 40°C. Frequency 120 c/s. 
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Maximum r.m.s. ripple current (extracts from table) 









Working voltage 






Rated cap. 




























100 


150 


200 


250 


350 


450 V 


10 /*F 


— 


— 


130 


130 


140 


150 mA 


20 iiF 


130 


170 


170 


170 


180 


180 mA 


30 /xF 


160 


180 


180 


200 


200 


200 mA 


40 fiF 


170 


190 


190 


190 


200 


200 mA 


50 (iF 


190 


200 


200 


200 


200 


200 mA 



(B) British R.I.C. Specification RIC 134 (Ref. F8) 

Range of capacitance 1 to 1000 itF. 

Voltage ratings : At 60°C— 12, 25, 50, 150, 275, 350, 450, 500. 
At 70°C— 12, 25, 50, 120, 220, 280, 360, 400. 

Tolerances : +50%, —20% for working voltages above 100 V (except etched foil 
types up to and including 16 iiF) ; +100 —20% for working voltages of 100 V and 
less, and all etched foil types up to and including 16 tiF. Ripple rating at 70 °C is 
0.75 of the ripple rating at 60°C. Power factor at 50 c/s shall not exceed 0.2 for work- 
ing voltages up to and including 100 V ; 0.15 for working voltages above 100 V. 
The leakage current of single winding capacitors shall not exceed 0.5 Vy^CfiA. or 100 
juA, whichever is the greater, where Kis the rated voltage and C the actual capacitance 
in /xF. 

(xi) References to standard resistors and capacitors 

(A) British Standard for Service Equipment 

These standards are not complete, and have been largely superseded by the R.C.S C. 
Components Book (see below) 

Al, BS/RC.G/1. General guide on radio components (Issue 1) Aug. 1944. 
A2. BS/RC.G/1 10 Guide on fixed resistors (Issue 1) Aug. 1944. Superseded by 

RCG110. 
A3. BS/RC.S/110 Group test-specification for fixed resistors (Issue 2) July 1946 ; 

Amended Aug. 1947, May 1948. Superseded by RCS112. 
A4. BS/RC.S/1 10.1 . Test schedule for fixed resistors (Issue 2) July 1946 ; amended 

Oct. 1946, Feb. 1947, Aug. 1947. Superseded by RCS112. 
A5. BS/RC.G/130. Guide on fixed capacitors (Issue 1) Aug. 1945. Superseded 

by RCG130. 
A7. BS/RC.S/130.3. Test schedule for ceramic dielectric fixed capacitors (Issue 1) 

March 1944 ; amended Jan. 1946, Mar. 1946, Aug. 1947, Dec. 1947. 
A8. BS/RC.S/130.4. Test schedule for electrolytic capacitors (Issue 1) March 

1944. Superseded by RCS134. 
A9. BS/RC.S/130.6m. Test schedule for miniature paper-dielectric capacitors 

(metallised paper type) (Issue 2) June 1945, amended Jan. 1946, March 1946, 

Aug. 1947. 
A10. BS/RC.S/130.7m. Test schedule for miniature (High K) type ceramic die- 
lectric fixed capacitors (Issue 1) July 1944. Amended Aug. 1947. 
All. BS/RC.S/141. Group test specification for air dielectric rotary variable 

capacitors (Issue 1) Nov. 1945 ; amended Aug. 1948. Superseded by RCS141. 
A12. BS/RC.S/141. 1. Test schedule for air dielectric rotary variable capacitors 

(Issue 1) Nov. 1945 ; amended Aug. 1948. Superseded by RCS141. 
A13. BS/RC.S/141. lm. Test and performance specification for miniature variable 

capacitors (air-spaced ganged type) (Issue 1) July 1944. Superseded by RCS 

141. 

(B) British R.C.S.C. Components Book 

This book is available to manufacturers of British Service Equipment, and is avail- 
able for reference at Standards Libraries. 
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New Issues and amendments are made from time to time. 
RCS1 General specification for Electronic Components. 
RCG4 Guide to approved components. 
RCS11 Specification for the climatic and durability testing of service electronic 

components. 
RCG100.9 Guide to the tropic proofing of electrical equipment. 

Resistors 
RCG110 Guide on fixed resistors. 
RCL1 10.11 Working schedule, fixed resistors. 
RCS111 Specifications for wire-wound resistors. 
RCS112 Specifications, fixed composition resistors. 
RCS121 Specifications for rotary wire-wound resistors. 
RCL121 List of standard rotary wire-wound resistors. 
RCS122 Specifications for rotary composition resistors. 
RCL122 List of standard rotary composition resistors. 

Capacitors — general 
RCG130 Guide on capacitors, fixed. 

Capacitors, fixed, paper dielectric 
RCL130.11 Working schedule — Rectangular metal case. 
RCL130.12 Working schedule — Tubular type stud mounting and insulated. 
RCL130.13 Working schedule — Tubular metal case, non-insulated. 
RCS131 Specification. 

Capacitors, fixed, mica dielectric 
RCL130.21 Working schedule — metallized case. 
RCL130.22 Working schedule — metallized, wax protected. 
RCL130.23 Working schedule— foil, moulded case. 
RCL130.24M Working schedule — miniature foil and metallized types. 
RCS132 Specification (excluding wax-protected types). 
RCS132.1 Specification for wax-protected types. 

Capacitors, fixed, ceramic dielectric 
RCL130.31 Working schedule— Cup and disc types, and temperature compensating 

types. 
RCL130.71M Working schedule— high K. 
RCS133 Specification. 

C^ xcitors, fixed electrolytic 
RCS134 Specificate . 
R'JI.n4 Standard .' -tubular, metal case. 

Capacitors, fixed, paper dielectric (metallized) 
RCS136 Specification. 

RCS136.1 Specification, humidity class 3, insulated only. 
RCL136 Standard list — tubular, insulated and non-insulated. 

Capacitors, variable 
BS/RCS141 Group test specification, air dielectric, rotary 
BS/RCS141.1 Test schedule, air dielectric, rotary. 
BS/RCS141.1m Test specification, air-spaced, ganged, miniature. 
RCL141.11m Working schedule, air-spaced, ganged, miniature. 
RCL141.12m Working schedule, air dielectric trimmer, miniature. 
RCL141.14 Working schedule, air dielectric trimmer, with locking device. 
RCL141.15 Working schedule, air dielectric trimmer, concentric. 
RCS141.2m Test specification, air-spaced trimmer, vane type, miniature. 
(D) American R.M.A. Standards for resistors and capacitors 
Dl. REC-116 Standard fixed composition resistors (July 1948). 
D2. REC-117 Standard fixed wire wound resistors (July 1948). 
D3. REC-118 Standard fixed paper dielectric capacitors in tubular non-metallic 

cases (Sept. 1948). 
D4. TR-113-A Metal encased fixed paper dielectric capacitors for d.c. application 

(May 1951). 
D5. REC-115-A Standard molded mica capacitors (May 1951). 
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D6. REC-107-A Standard ceramic dielectric capacitors (Aug. 1952). 
D7. REC-106-A Standard variable capacitors Class A (Jan. 1949). 
D8. REC-101 Standard variable capacitors. Class B (Oct. 1946). 
D9. REC-121-A Standard variable composition resistors (July 1952). 
D10. S-417 ; M4-571 through 574- Wet electrolytics. 
Dll. S-418 ; M4-591 through 598-Dry electrolytics. 

(E) American Joint Army /Navy Standards for resistors and capacitors. 
El. JAN-R-11 (31 May 1944) : Resistors, fixed composition. Amendment No. 3 

(22 March 1949). 

E2. JAN-R-19 (31 July 1944) : Resistors, variable wire-wound (low operating 
temperature). Amendment No. 2 (12 Jan. 1949). 

E3. JAN-R-22 (31 July 1944) : Rheostats, wire wound, power- type. Amendment 
No. 4 (26 June 1950). 

E4. JAN-R-26A (17 Sept. 1948) : Resistors, fixed, wire wound, power type. Amend- 
ment No. 1 (28 July 1949). 

E4A. JAN-R-93 (16 June 1945) : Resistors, accurate, fixed, wire-wound. Amend- 
ment No. 3 (Jan. 1949). 

E5. JAN-R-94 (4 Oct. 1948) : Resistors, variable, composition. Amendment 
No. 2 (17 Jan. 1949). 

E6. JAN-R-184 (31 July 1945) : Resistors, fixed, wire wound, low power. Amend- 
ment No. 2 (17 Jan. 1949). 

E7. JAN-C-5 (20 April 1944) : Capacitors, mica-dielectric, fixed. Amendment 
No. 2 (6 Jan. 1949). 

E8. JAN-C-20A (4 Dec. 1947) : Capacitors, ceramic-dielectric, fixed (temperature 
compensating). Amendment No. 2 (15th June 1950). 

E9. JAN-C-25 (24 July 1947) : Capacitors, direct-current, paper-dielectric, fixed 
(hermetically sealed in metallic cases). Amendment No. 4 (June 1950). 

E10. JAN-C-62 (30 November 1944) : Capacitors, dry-electrolytic, polarized. 
Amendment No. 3 (Jan. 1949). 

Ell. JAN-C-81 (27 August 1945) : Capacitors, ceramic-dielectric, variable. Amend- 
ment No. 1 (Oct. 1948). 

E12. JAN-C-91 (21 Aug. 1947) : Capacitors, paper dielectric, fixed (non-metallic 
cases). Amendment No. 2 (25 Aug. 1950). 

E13. JAN-C-92 (30 Dec. 1944) : Capacitors, air-dielectric, variable (trimmer 
capacitors). Amendment No 4 (25 Aug. 1950). 

(F) British Radio Industry Council* 
Fl. RIC/lllO 

F2. RIC/112. ^-Superseded by British Standard BS.1852 : 1952. 

F3. RIC/113.J 

F4. RIC/122. Resistors, rotary, variable, composition track (with or without 

switches). 
F5. RIC/131. Capacitors, fixed, paper dielectric, tubular foil. Issue No. 1, 

July 1950. 
F6. RIC/132. Capacitors, fixed, mica dielectric, stacked foil. Issue No. 1, 

July 1950. 
F7. RIC/133. Capacitors, fixed, ceramic dielectric. Grade 1. Issue No. 1, April 

1951. 
F8. RIC/134. Capacitors, fixed, electrolytic. Issue No. 1, April 1951. 
F9. RIC/136. Capacitors, fixed, paper dielectric, tubular, metallized. Issue 

No. 1, February 1951. 
F10. RIC/137. Capacitors, fixed, mica dielectric, metallized. Issue No. 1, April 

1951. 
Fll. RIC/141. Capacitors, variable, air dielectric, tuning. Issue No. 1, Feb, 1951. 
F12. RIC/142. Capacitors, variable, preset, air dielectric. Issue No. 1, Sept. 1951. 
F13. RIC/143. Capacitors, variable, preset, mica dielectric. Issue No. 1, Sept. 1951. 

*It is hoped that these Radio Industry Council Specifications will, in due course, be incorporated into 
British Standard Specifications. 
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SECTION 4 : 

(i) Standard frequency ranges 
intermediate frequencies. 



STANDARD FREQUENCIES 

(ii) Frequency bands for broadcasting {Hi) Standard 



(i) Standard frequency ranges 

The Final Acts of the International Telecommunication and Radio Conferences 
at Atlantic City, 1947, proposed the following nomenclature of frequencies. 

Frequencies shall be expressed in kilocycles per second (Kc/s) at and below 30 000 
Kc/s and in megacycles per second (Mc/s) above this frequency. 





TABLE 32 




Frequency sub-division 


Frequency range 


Metric sub-division 


v-l-f (very low frequency) 


below 30 Kc/s 


myriametric waves 


1-f (low frequency) 


30 to 300 Kc/s 


kilometric waves 


m-f (medium frequency) 


300 to 3 000 Kc/s 


hectometric waves 


h-f (high frequency) 


3 000 to 30 000 Kc/s 


decametric waves 


v-h-f (very high frequency) 


30 000 Kc/s to 300 Mc/s 


metric waves 


u-h-f (ultra high frequency) 


300 to 3 000 Mc/s 


decimetric waves 


s-h-f (super high frequency) 


3 000 to 30 000 Mc/s 


centimetric waves 


e-h-f (extremely high frequency) 


30 000 to 300 000 Mc/s 


millimetric waves 



(ii) Frequency bands for broadcasting 

The International Telecommunication and Radio Conference at Atlantic City, 1947, 
allocated the following frequency bands for broadcasting purposes. 



TABLE 33 



Band shared with maritime mobile 
Low frequency (not world-wide) 
Medium frequency (Region 1 only) 
Medium frequency (world wide) 
Short wave frequencies (world wide) 



150- 
160- 
525- 
535- 
5.95- 
9.5- 



-160 Kc/s 
-285 Kc/s 
-535 Kc/s 
-1605 Kc/s 
-6.2 Mc/s 
-9.775 Mc/s 



11.7—11.975 Mc/s 
15.1—15.45 Mc/s 
17.7—17.9 Mc/s 
21.45—21.75 Mc/s 
25.6—26.1 Mc/s 
Very high frequency (world wide) 88 — 100 Mc/s 

(U.S.A.) 88—108 Mc/s 

In Australia, the band 100-108 Mc/s has been allocated for the aeronautical mobile 
service until required for broadcasting service. 



(iii) Standard Intermediate Frequencies 

It is recommended that superheterodyne receivers operating in the medium fre- 
quency broadcast band use an intermediate frequency of 455 Kc/s. This frequency is 
reserved as a clear channel for the purpose in most countries of the world. 

The European " Copenhagen Frequency Allocations " provide the following two 
intermediate frequency bands : 415 — 490 Kc/s and 510 — 525 Kc/s. 

An intermediate frequency of 175 Kc/s is also used. 

The American RTMA has standardized the following intermediate frequencies 
(REC-109-B, March 1950) : Standard broadcast receivers— either 260 or 455 Kc/s. 
V-H-F broadcast receivers — 10.7 Mc/s. 
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SECTION 5 : WAVELENGTHS AND FREQUENCIES 

(i) Wavelength-frequency conversion tables («) Wavelengths of electromagnetic 
radiations. 
(i) Wavelength-frequency conversion table 

Convenient points selected for rapid reference. 

TABLE 34 : MEDIUM-FREQUENCY BROADCAST BAND 



Fre- 


Wave- 


Fre- 


Wave- 


Fre- 


Wave- 


Fre- 


Wave- 


quency 


length 


quency 


length 


quency 


length 


quency 


length 


Kc/s 


m 


Kc/s 


m 


Kc/s 


m 


Kc/s 


m 


540 


555.5 


810 


370.4 


1080 


277.8 


1350 


222.2 


550 


545.5 


820 


365.9 


1090 


275.2 


1360 


220.6 


560 


535.7 


830 


361.4 


1100 


272.7 


1370 


219.0 


570 


526.3 


840 


357.1 


1110 


270.3 


1380 


217.4 


580 


517.2 


850 


352.9 


1120 


268.2 


1390 


215.8 


590 


508.5 


860 


348.8 


1130 


265.5 


1400 


214.3 


600 


5000 


870 


344.8 


1140 


263.2 


1410 


212.8 


610 


491.8 


880 


340.9 


1150 


260.9 


1420 


211.3 


620 


483.9 


890 


337.1 


1160 


258.6 


1430 


209.8 


630 


476.2 


900 


333.3 


1170 


256.4 


1440 


208.3 


640 


468.8 


910 


329.7 


1180 


254.2 


1450 


206.9 


650 


461.5 


920 


326.1 


1190 


252.1 


1460 


205.5 


660 


454.5 


930 


322.6 


1200 


250.0 


1470 


204.1 


670 


447.8 


940 


319.1 


1210 


247.9 


1480 


202.7 


680 


441.2 


950 


315.8 


1220 


245.9 


1490 


201.3 


690 


434.8 


960 


312.5 


1230 


243.9 


1500 


200.0 


700 


428.6 


970 


309.3 


1240 


241.9 


1510 


198.7 


710 


422.5 


980 


306.1 


1250 


240.0 


1520 


197.4 


720 


416.7 


990 


303.0 


1260 


238.1 


1530 


196.1 


730 


411.0 


1000 


300.0 


1270 


236.2 


1540 


194.8 


740 


405.4 


1010 


297.0 


1280 


234.4 


1550 


193.5 


750 


400.0 


1020 


294.1 


1290 


232.6 


1560 


192.3 


760 


394.7 


1030 


291.2 


1300 


230.8 


1570 


191.1 


770 


389.6 


1040 


288.5 


1310 


229.0 


1580 


189.9 


780 


384.6 


1050 


285.7 


1320 


227.3 


1590 


188.7 


790 


379.7 


1060 


283.0 


1330 


225.6 


1600 


187.5 


800 


375.0 


1070 


280.4 


1340 


223.9 











TABLE 


35 : SHO 


RT WAVE BAND 






Fre- 


Wave- 


Fre- 


Wave- 


Fre- 


Wave- 


Fre- 


Wave- 


quency 


length 


quency 


length 


quency 


length 


quency 


length 


Mc/s 


m 


Mc/s 


m 


Mc/s 


m 


Mc/s 


m 


1.5 


200 


11 


27.3 


21 


14.3 


65 


4.62 


2.0 


150 


12 


25.0 


22 


13.6 


70 


4.29 


3.0 


100 


13 


23.1 


23 


13.0 


75 


4.00 


4.0 


75.0 


14 


21.4 


25 


12.0 


80 


3.75 


5.0 


60.0 


15 


20.0 


30 


10.0 


85 


3.53 


6.0 


50.0 


16 


18.8 


35 


8.57 


88 


3.41 


7.0 


42.9 


17 


17.6 


40 


7.50 


90 


3.33 


8.0 


37.5 


18 


16.7 


45 


6.67 


95 


3.16 


9.0 


33.3 


19 


15.8 


50 


6.00 


100 


3.00 


10.0 


30.0 


20 


15.0 


55 


5.45 


105 


2.86 










60 


5.00 


108 


2.78 
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(ii) Wavelengths of electromagnetic radiations 

TABLE 36 



Rays 



Wavelengths 



Angstrom 
units 



Microns 



Metres 



Cosmic rays 
Gamma rays 
X-Rays 

Ultraviolet rays 
Visible light rays 
Infrared rays 
Electric or radio rays 
Radio broadcasting rays 



io- 6 
io- 2 
io- 1 

100- 



-10- 2 
-1 

-IO 2 
-3900 



3900—7600 
7600— IO 6 



io- 10 — io- 6 
IO" 6 — io-* 
io- s — io- a 

IO" 2 — 0.39 
0.39—0.76 
0.76— IO 2 
IO 2 — IO 10 
IO 7 — IO 9 



IO- 4 — 10* 
10— IO 3 



SECTION 6: STANDARD SYMBOLS AND ABBREVIATIONS 

(i) Introduction (ii) Multipliers (Hi) Some units and multipliers (iv) Magnitude 
letter symbols (v) Subscripts for magnitude letter symbols (vi) Magnitude letter 
symbols zvith subscripts (vii) Mathematical signs (viii) Abbreviations (ix) Ab- 
breviations of titles of periodicals (x) References to periodicals (xi) References to 
standard symbols and abbreviations. 

(i) Introduction 

Owing to the lack of international standardization, the editor has been forced to 
select suitable symbols for use in this Handbook. The choice which has been made 
is believed to be a reasonable compromise, and capable of being understood readily 
throughout the English-speaking world. 

(ii) Multipliers 

In general, small letters are used for quantities below unity, and capital letters for 
quantities above unity. 

= 1/10 = io- 1 

= 1/100 = io- 2 

= 1/1000 = io- 3 

= 1/1000 000 = io- 6 

= 1/1000 000 000 000 = io- 12 

= 1000 = 10 s 

= 1000 000 = IO 6 





d 


= 


deci 




c 


= 


centi 




m 


= 


milli 




/* 


= 


micro 




Hfi 


= 


micromicro 


K 


or k 


= 


kilo 




M 


= 


meg 



(iii) Some units and multipliers 

A = ampere mA = milliampere 

F = farad fiF = microfarad 

H = henry mH = millihenry 

Q = ohm M£? = megohm 

V = volt mV = millivolt 

W = watt mW = milliwatt 

m = metre cm = centimetre 



juA = microampere 
fifjF* = micromicrofarad 
/*H = microhenry 

KV or kV = kilovolt 

mm = millimetre 



♦Alternatively, pF = picofarad = /-fF = micromicrofarad. 
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(iv) Magnitude letter symbolsf 



B 


= 


susceptance 


C 

G„g 


= 


capacitance 
conductance 


D 


= 


total harmonic distortion 


E, e 


= 


electromotive force 


f 
g,C T 


= 


power factor 

frequency 

conductance 


H 2 , H s , etc. 


= 


fundamental frequency component of distortion 
second (third etc.) harmonic components of distortion 


hi 


= 


current 


K 


= 


dielectric constant 


L 


= 


inductance 


M 


= 


mutual inductance 


P 

Q 
also Q 


= 


power 

charge, quantity of electricity 

figure of merit of a reactor 


R 


= 


resistance 


X 


= 


reactance 


*l 


= 


inductive reactance 


x e 

Y 





capacitive reactance 
admittance 


Z 

z 


= 


impedance (scalor) 
impedance (vector) 

A = increment of 
€ = 2.7182818 
■q — efficiency 
A = wavelength 



■n = 3.14159 

co = 2-rrf — angular velocity. 

Magnetic units 

B = magnetic flux density 

H = magnetic field strength, magnetizing force 

^ = magnetic flux 

fi = magnetic permeability 

Operators 

d = differential ; 8 = partial differential 

j = 90° rotational = \ r ^l. 

(v) Subscripts for magnitude letter symbols 

in = input 

out = output 

max = maximum (reduced to m when combined with another subscript) 

min = minimum 

av = average 

b = plate — steady or total value 

bb = plate supply 

c = grid — steady or total value 

c x = grid no. 1 ; similarly c 2J c 3 etc. 

cc = grid supply 

co = at point of plate current cutoff 

f = filament 

g = grid — varying component 

tA magnitude letter symbol is used to designate the magnitude of a physical quantity in mathematical 
equations and expressions. Two or more magnitude symbols printed together represent a product. 
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gi = grid no. 1 ; similarly g 2J g 3 etc. 
h = heater 
k = cathode 
o = quiescent (no signal) 
p = plate (anode) — varying component 
s = screen or metal shell or other self-shielding envelope 
t = triode 
N.B. Grids are numbered in order, beginning at the cathode and working outwards 
towards the plate. 

(vi) Magnitude letter symbols with subscripts 
Symbols for filament or heater circuits 

E f = filament or heater (terminal) voltage 
Ehu = voltage of heater with regard to cathode 
/, = filament or heater current. 

Symbols for plate circuits 

All voltages are taken as being with respect to the cathode unless otherwise indicated. 
En, = plate supply voltage 

E b = average or quiescent value of plate voltage 
E b0 = quiescent (no signal) value of plate voltage 
E bm = maximum value of plate voltage 
E p = r.m.s. value of varying component of plate voltage 
E pm = maximum value of varying component of plate voltage 
e b = instantaneous total plate voltage 

e s = instantaneous value of varying component of plate voltage 
I b = average or quiescent value of plate current 
Iim = peak total plate current 
I b0 = quiescent (no signal) value of plate current 
I P = r.m.s. value of varying component of plate current 
I pm = maximum value of varying component of plate current 
I„ = total electron emission 
i b = instantaneous total plate current 
i v = instantaneous value of varying component of plate current. 

Symbols for grid circuits 

E c = average or quiescent value of grid voltage 

E cm = maximum value of grid voltage 

E g = r.m.s. value of varying component of grid voltage 

E gm = maximum value of varying component of grid voltage 

e c = instantaneous total grid voltage 

e g = instantaneous value of varying component of grid voltage 

i"„ = average or quiescent value of grid current 

I g = r.m.s. value of varying component of grid current 

i c = instantaneous total grid current 

i g = instantaneous value of varying component of grid current. 

Symbols for valve characteristics 
(A) Inside the valve 

E va = voltage of plate with regard to grid 

H = amplification factor 

fi t = amplification factor (triode connected) 

H fll B2 = mu factor from grid no. 1 to grid no. 2, and similarly for other electrodes 

g m = mutual conductance (= g ap ) or "slope" 

g c = conversion conductance 

g d = dynamic conductance (slope of dynamic characteristic) 

g p = plate conductance 

g g = grid conductance 

£ n = plate-grid transconductance (inverse mutual conductance) = g vg 

g ik = transconductance from electrode ;' to electrode k 
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r„ = plate resistance 

r a = grid resistance 

r„ 2 = screen (grid no. 2) resistance 

C gJ> = grid-plate capacitance 

Cgk = grid-plate cathode capacitance 

C„fc = plate-cathode capacitance 

Ggn = grid-heater capacitance 

C V h = plate-heater capacitance 

C,„ = input capacitance 

Cout = output capacitance. 

(B) Valve and circuit 

R L = plate load resistor 

Z L = plate load impedance 

R k = cathode resistor 

Cfc = cathode by-pass capacitor 

C„ = coupling condenser 

R gl = grid resistor 

R g2 = following grid resistor 

r t = input resistance 

r = output resistance 

R s = screen series resistor 

C, = screen by-pass capacitor 

Pi = power input 

P = power output 

P v = plate (anode) dissipation 

P Bi = screen (grid no. 2) dissipation 

A = amplification (voltage gain of stage) 

A = amplification (voltage gain of stage) at mid-frequency 

J iw = peak fundamental current 

f*ma = peak second harmonic current. 



(vii) Mathematical signs 

+ plus 

— minus 

± plus or minus 

x or . multiplied by 

-f- or / divided by 

= equal to 

^ not equal to 

«tf approximately equal to 

> equal to or greater than 
<[ equal to or less than 
= identical with 

> greater than 
< less than 



therefore 
oc varies as 

yf~ square root 
n '\/~~ nth root 
! factorial 

F function 

integration 

<» infinity 

° degree 

' minutes of degree 

seconds of degree 
S or A increment 
Z summation 



log x logarithm of x to base 10 
log e x logarithm of x to base e 
j square root of minus one (90° angular rotation) 

c base of natural logarithms (2.71828) 

■a ratio of circumference to diameter of circle (3.141593 approx.) 

For trigonometrical symbols and differentiation refer to Chapter 6. 

(viii) Abbreviations 

a.c. = alternating current 

d.c. = direct current 
a-f =■ audio frequency 
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4.) 



i-f = intermediate frequency 

r-f = radio frequency 

v-h-f = very-high-frequency 

u-h-f = ultra-high-frequency 

(For other frequency designations see Sect. 

AWG = American Wire Gauge 

B & S = same as AWG 

SWG = Standard Wire Gauge 

E = enamelled 

r.m.s = root mean square 

db = decibel 

dbm = decibels of power referred to 1 milliwatt 

c/s = cycles per second 

Kc/s = kilocycles per second (kc/s may also be used) 

Mc/s = megacycles per second 

Hz = Hertz = cycles per second 

a v.c = automatic volume control 

a.a.v.c. = audio automatic volume control 

A-M = amplitude modulation 

F-M = frequency modulation 

SSC = single silk covered 

DSC = double silk covered 

SCC = single cotton covered 

DCC = double cotton covered. 
Note : Abbreviations art used to indicate either singular or plural, either as a noun 



or as an adjective. 

(ix) Abbreviations of 

Standard Abbreviations 
A.R.T.S. & P. 

Audio Eng. 

(formerly Radio) 

Australian Radio & Elec- 
tronics (formerly Austral- 
asian Radio World) 

A.WA. Tec. Rev. 

B.B.C. Quarterly 
B.S.T.J. 

Bell. Lab. Rec. 
British P.O.E.EJ 

Brown-Boveri Review 
Comm. 

E.E. 



titles of periodicals 

Title and Publisher 
Australian Radio Technical Services and Patents 
Bulletin (47 York St., Sydney, Australia). 

Audio Engineering (Radio Magazines Inc. 10 McGovern 
Ave., Lancaster, Pa.). 

Radio & Electronics (Aust.) Pty. Ltd., 17 Bond St., 
Sydney. 

A.WA. Technical Review (Amalgamated Wireless 
Australasia Ltd., 47 York St., Sydney, Australia). 

British Broadcasting Corporation, 35 Marylebone High 
St., London, W.l. 

Bell System Technical Journal (American Telephone 
& Telegraph Coy., 195 Broadway, New York 7, N.Y. 
U.S.A.). 

Bell Laboratories Record (Bell Telephone Laboratories 
Inc. 463 West Street, New York 14, N.Y.). 

Post Office Electrical Engineers' Journal, Institution 
of P.O.E.E. Engr-in-chief 's office Alder House, Alders- 
gate St., London E.C.I. 

Brown Boveri & Co. Ltd., Baden, Switzerland. 

Communications (Bryan Davis Publishing Coy., Inc., 
52 Vanderbilt Ave., New York 17, N.Y. U.S.A.). 

Electrical Engineering (American Institute of Elec- 
trical Engineers, 33 West 39th St., New York 18 

N.Y.). 
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E.W. & W.E. 

Elect. 

Elect. Comm. 



Electronic Eng. 
Electronic Industries 



Engineering 
F.M. & T. 
FM-TV 



} 



G.E. Review 

G.R. Exp. 

J. Acous. Soc. Am. 

Journal of Applied Physics 
Jour. I.E.E. 

J. Brit. I.R.E. 
Jour. Sci. Instr. 



Jour. S.M.P.E. 
Jour. S.M.P.T.E. 
Marconi Review 

Phil. Mag. 

Philips Tec. Com. 

Philips Tec. Rev. 
Phys. Rev. 
Proc. I.R.E. 
Proc. I.R.E. Aust. 

Proc. Roy. Soc. 

Q.S.T. 

R.C.A. Rev. 

R. & E. Retailer 

Radio 



} 



Same as Wireless Engineer. 

Electronics (McGraw-Hill Publishing Co., Inc., 
West 42nd St., New York 18, N.Y., U.S.A.). 
Electrical Communication (International Telephone 
& Telegraph Corp. 67 Broad St., New York 4, N.Y. 
U.S.A.). 

Electronic Engineering, 28 Essex St., London W.C.2. 
Caldwell-Clements Inc., 480 Lexington Ave., New 
York 17, N.Y. 

J. A. Dixon, 33-36 Bedford St., London W.C.2. 
FM-TV Radio Communication, formerly FM Magazine, 
FM and Television, FM Radio Electronics (FM 
Company, 264 Main St., Great Barrington, Mass. 
U.S.A.). 

General Electric Review (G.E. Co., Schenectady, 
New York, U.S.A.). 

General Radio Experimenter (General Radio Company, 
275 Massachusetts Av., Cambridge, 39, Mass., U.S.A.). 
Journal Acoustical Society of America. Published for 
A.S.A. by the American Institute of Physics, Prince and 
Lemon Streets, Lancaster, Pa. U.S.A. 
American Institute of Physics, 57 East 55th St., New 
York 22 N.Y. 

Journal of the Institution of Electrical Engineers (Savoy 
Place, Victoria Embankment, London, W.C.2., Eng- 
land). 

Journal of British Institution of Radio Engineers (9 
Bedford Square, London, W.C.I England). 
Journal of Scientific Instruments (Institute of Physics, 
47 Belgrave Sq., London S.W.I). 
Journal of the Society of Motion Picture and Television 
Engineers 342 Madison Ave., New York 17, U.S.A. 
Marconi's Wireless Telegraph Co. Ltd., Marconi 
House, Chelmsford. 

Philosophical Magazine (Taylor and Francis Ltd., 
Red Lion Court, Fleet St., London, E.C.4). 
Philips Technical Communications (Philips Electrical 
Industries of Australia Pty. Ltd., 69-73 Clarence St., 
Sydney). 

Philips Technical Review (N.V. Philips' Gloeilampen- 
fabrieken, Eindhoven, Holland). 

Physical Review (American Institute of Physics, 57 
East 55th Street, New York 22, N.Y.). 
Proceedings of the Institute of Radio Engineers (I.R.E. 
Inc. 1 East 79 Street, New York 21, N.Y., U.S.A.). 
Proceedings of the Institute of Radio Engineers Aus- 
tralia (Science House, Gloucester St., Sydney, Aus- 
tralia). 

Proceedings of the Royal Society Burlington House 
London W.l. 

American Radio Relay League Inc. (38 La Salle Rd., 
West Hartford 7, Conn. U.S.A.). 
R.C.A. Review (Radio Corporation of America, R.C.A. 
Laboratories Division, Princeton, N.J. U.S. A.). 
Radio and Electrical Retailer (Australian Radio Pub- 
lications Pty. Ltd., 30-32 Carrington St., Sydney). 
Radio Magazines Inc. 10 McGovern Ave., Lancaster, 
Pa). 
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Radio Craft \ 

Radio Electronics J 
Radio Electrical Weekly- 
Radio Eng. 
Radio & Hobbies, 

Australia 
Radio Review of 

Australia 
Rev. of Sei. Instr. 



Radio News 
Radio & TV News 
Service 

TV Eng. 



} 



Radiotronics Amalgamated Wireless Valve Co. Pry. Ltd. (47 York 

St., Sydney, Australia). 

Radiocraft Publications Inc. (25 West Broadway, 
New York, 7, N.Y. U.S.A.). 

Mingay Publishing Co. 146 Foveaux St., Sydney. 
Radio Engineering. Same as Communications. 
Associated Newspapers Ltd., 60-70 Elizabeth-St., 
Sydney. 

Australian Radio Publications Pty. Ltd., 30-32 Car- 
rington St., Sydney. 

Review of Scientific Instruments (American Inst, of 
Physics 57 East 55th St., New York 22 N.Y.). 
Ziff Davis Publishing Coy. (185 North Wabash Ave., 
Chicago 1, 111. U.S.A.). 

Bryan Davis Publishing Coy. Inc., 52 Vanderbilt Ave., 
New York 17, N.Y. U.S.A.). 

Tele Vision Engineering (Bryan Davis Publishing Coy., 
(formerly Communications ; Inc., 52 Vanderbilt Av., New York 17, N.Y. U.S.A.). 
formerly Radio Engineer- 
ing ; formerly Communica- 
tion and Broadcast Engin- 
eering) 

Telecommunications Postal Electrical Society of Victoria, G.P.O. Mel- 

Journal of Australia bourne Australia. 
Tele-Tech Caldwell-Clements Inc. 480 Lexington Ave.. New 

York 17 N.Y. 
Trans. A.I.E.E. Transactions of the American Institute of Electrical 

Engineers (A.I.E.E., 33 West 39th Street, New York 
18 N.Y.). 

Wireless Engineer (IlifFe & Sons Ltd., Dorset House, 
Stamford St., London, S.E.I., England). 
Wireless World (Iliffe & Sons Ltd., Dorset House, 
Stamford St., London, S.E.I, England). 
Western Electric Western Electric Company (Graybar Electric Co, 

Oscillator 420 Lexington Ave. New York 17, N.Y.). 

(x) References to periodicals 

The references to periodicals in this Handbook follow substantially the form re- 
commended in British Standard 1219 : 1945. 

Example : Lamson, H.W. " Permeability of dust cores " W.E. 24.288 (Sept. 1947) 
267. 

Lamson, H. W. indicates the author. 
" Permeability of dust cores " indicates the title. 
W.E. indicates the periodical (see abbreviations above). 
24 indicates the volume number. 
288 indicates the number. 
Sept. 1947 indicates the date. 
267 indicates the first page of the article. 
(2d) References to standard symbols and abbreviations 

1. " Standards on abbreviations, graphical symbols, letter symbols and mathematical 
signs." The Institute of Radio Engineers (U.S.A.) 1948. 

2. " American standard letter symbols for electrical quantities " A.S A. Z10.5, 1949. 

3. British Standard 1409 : 1950 " Letter symbols for electronic valves " British 
Standards Institution 28 Victoria St., London, S.W.I. 

4. " Standards on designations for electrical, electronic and mechanical parts and 
their symbols, 1949 " Standard 49 IRE, 21 SI, published Proc. I.R.E. 38.2 (Feb. 
1950) 118. 

5. " Standards on abbreviations of radio-electronic terms, 1951 " Standard 51 IRE 
21 SI, published Proc. I.R.E. 39.4 (April 1951) 397. 



W.E, 
W.E. 
W.W 



& E.W. 



} 
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SECTION 7 : STANDARD GRAPHICAL SYMBOLS 



GRAPHICAL SYMBOLS 



V 



ALTERNATING CURRENT 




|l |h— 

GANGED 
SPLIT -STATOB 



CONNECTIONS 



COMMON POINT 



r- 



CROSSING 
NO CONNECTION 



_t 



SLIDING CONTACT 



t 



GENERATOR (A.C.) 



INDUCTANCE 



■o- 



IRON-CORED 
INDUCTANCE 



LOOP AERIAL 



LOUDSPEAKERS 



sm$^- 



-n5wr^- 




*f» 



ELECTRO-OYNAMIC \_ 

WITH HUM NEUTRALISING 
WINOING 



/ 

k 



* 



PERMANENT MAGNET \ 



38.7 



1371 



GRAPHICAL SYMBOLS 



@ 

'ER MILLIA 



MICROAMMETER 



VOLTMETER MILLIAMMETER 



MICROPHONE 



d 



ID 



ELECTRO- MAGNETIC CRYSTAL 



PRESSBUTTON 



RECTIFIER 
(DRY oisc) 



<A 



ARROW POINTS IN DIRECTION OF 
FORWARD CURRENT FLOW 



— V\AAAA— 



SHAPE TO SUIT CIRCUMSTANCES 



_£_» 



SCREENED 

CONDUCTOR 



1 



X 



TAPPING ON INDUCTANCE 




TAPPING ON 

RESISTANCE 



wvwv^- 



o 



TRANSFORMERS 



AIR CORE LAMINATEO IRON CORE 
A\ i /It i 



LAMINATED IRON CORE 
WITH E/S SHIELD 



WITH POWDERED 
IRON CORE 



SYNCHRONOUS (SPLIT REED) 



ti 



NON -SYNCHRONOUS 



(i) Properties of insulating materials 



TABLE 37 



















Coeff. of 


















expansion 




Dielectric 


Power Factor (per cent) 


Dielectric 


Resist- 




parts in 


Insulating Material 


Constant 








Strength 


ivity 


Softens 


10 s per 










60 c/s 


60 c/s 


1 Mc/s 


100 Mc/s 


V/mil 


ohm-cm 


at °C 


°C 


Air-Normal Pressure 


1 








19.8-22.8 








Amber 


2.7-2.9 




0.2-0.6 




2300 


very high 


250 


44 


Asphalts 


2.7-3.1 


2.3 






25-30 








Casein-Moulded 


6.4 




5.2 




400-700 


Poor 


177 


80 


Cellulose-Acetate 


6-8 


6 


10 




250-1000 


4.5 x 10 10 


70 


160 


Cellulose-Nitrate 


4-7 


5-15 


7-10 




300-780 


2-30 xlO 10 


85 


90-160 


Ceresin Wax 


2.5-2.6 




0.05 


0.05 






57 




Fibre 


2.5-5 


6-9 


5 


5 


150-180 


5 x 10 9 


130 


25 


Glass-Crown 


6.2 




1 




500 




1100 


8.9 


Glass-Electrical 


4-5 




0.5 




2000 


8 X 10 14 






Glass-Flint 


7 




0.4 










7.9 


Glass-Photographic 


7.5 




0.8-1 












Glass-Plate 


6.8-7.6 




0.6-0.8 










- 


Glass-Pyrex 


4.5 




0.2-0.7 


0.54 


335 


10 14 


600 


3.2 


Halowax 


3.4-3.8 


0.2 


0.14 


10.5 




10 13 -10 14 


88 




Magnesium silicate 


5.9-6.4 


0.13-1.7 


0.037-0.38 


0.03-0.37 


200-240 


>10 14 


1350 


6-10.5 


Methacrylic Resin 


2.8 


3 


2 








135 


70 


Mica 


2.5-8 


0.2 


0.2-6 






2 x 10 17 






Mica-Clear India 


7-7.3 


0.03-0.05 


0.02-0.03 


0.03 


600-1500 


5 x 10 13 


1200 


3-7 


Micalex 364 


6-8 


0.64 


0.21 


0.22 


350 




348 


8-9 


Nylon 


' 3.6 


1.8 


2 


1.8 


305 


10 13 


71 


57 


Paper 


2-2.6 








1250 








Paraffin Oil 


2.2 


0.01 


0.01 


0.04 


381 






710 


Paraffin Wax 


2.25 


0.02 


0.02 


0.02 


203-305 


10 16 


M.P. 56 




Phenol-formaldehyde 


5 


2-8 


1-2.8 


3.8 


400-475 


1.5xlO ia 




28 


Phenol-Yellow 


5.3 


2.5 


0.7 




500 









ss Is 

IX Is 
1° § S 

& a , 

S3 ° 5 S" 

3 ^ » j 

8 3 D" »" 
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I 
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TABLE 37 (Continued) 



















Coeff. of 


















expansion 




Dielectric 


Power Factor (per cent) 


Dielectric 


Resist- 




parts in 


Insulating Material 


Constant 








Strength 


ivity 


Softens 


10° per 










60 c/s 


60 c/s 


1 Mc/s 


100 Mc/s 


V/mil 


ohm-cm 


at °C 


°C 


Phenol-Black Moulded 


5.5 


8 


3.5 




400-500 






40 


Phenol-Paper Base 


5.5 


6 


3.5 




650-750 


10 10 -10 18 




30 


Phenol-Cloth Base 


5.6 


5 


5 




150-500 






20 


Polyethylene 


2.25 


0.03 


0.03 


0.03 


1000 


10 17 


104 


Varies 


Polystyrene 


2.5 


0.02 


0.02 


0.03 


508-760 


10 17 


80 


70 


Polyvinyl Chloride 


2.9-3.2 


1.2 


1.6 


0.8 


400 


1Q 14 


54 


82 


Porcelain- Wet Process 


6.5-7 


2 


0.6 




150 




1610 


4-5 


Porcelain-Dry Process 


6.2-7.5 


2 


0.7 




40-100 


5 X 10" 




3-4 


Pyrophillite 


5.2 




0.2-0.7 


0.36 


500 


1.3 X 10 1B 






Quartz-Fused 


35-4.2 


0.09 


0.02 


0.02 


200 


10 14 -10 18 


1430 


0.45 


Rubber-Hard 


2-3.5 


1 


0.5-1 




450 


10 12 -10 15 


70 


70-80 


Shellac 


2.5-4 


0.6-2.5 


0.9-3.1 


3 


900 


10 16 


85 




Steatite-Commercial 


4.9-6.5 


0.02 


0.2-0.3 


0.5 






1500 


6-8 


Steatite-Low-loss 


4.4 


0.02 


0.2 


0.13 


150-315 


10 14 -10 1B 






Titanium Dioxide 


90-170 




.02-0.5 




100-210 


lOia-10 1 * 


1600 


7-8 


Urea Formaldehyde 


5-7 


3-5 


2.8 


5 


300-550 


10 12 -10 13 


200 


26 


Varnished cloth 


2-2.5 




2-3 




450-550 








Vinyl Resins 


4 




1.7 




400-500 


10 14 




70 


Wood-Dry Oak 


2.5-6.8 




4.2 












Wood-Paraffined Maple 


4.1 








.116 









See also Refs. 1, 2, 3, 4, 5, 6. 



3 

•— i 

m 
<z> 

o 

»— i 
% 

00 

c 
£ 

H 

% 
O 



B 

00 



*■[%, 







Temperature 














Coefficient of 




Thermal 


Coefficient 




Material 


Relative 


Resistivity 


Specific 


Conductivity 


of Linear 


Melting Point 




Resistance 


at 20°C 


Gravity 


at 20°C 


Expansion 


(°Q 






xlO- 4 






xlO" 8 




Aluminium 


1.64 


40 


2.7 


0.48 


25.5 


660 


Brass 


3.9 


20 


8.47 


0.26 


18.9 


920 


Cadmium 


4.4 


38 


8.64 


0.222 


28.8 


321 


Cobalt 


5.6 


33 


8.71 


— 


12.3 


1480 


Constantan* 


28.45 


±2 


8.9 


0.054 


17.0 


1210 


Copper 


1.00 


39.3 


8.89 


0.918 


16.7 


1083 


Gas Carbon 


2900 


-5 


1.88 


0.0004 


5.4 


3500 


Gold 


1.416 


34 


19.32 


0.705 


13.9 


1063 


Iron-Cast 


5.6 


60 


7.87 


0.18 


10.2 


1535 


Karma 


77.1 


±0.2 


— 


— 


— 


— 


Lead 


12.78 


42 


11.37 


0.083 


29.1 


327 


Magnesium 


2.67 


40 


1.74 


0.376 


25.4 


651 


Manganin 


26 


±0.2 


8.5 


0.053 


18.0 


910 


Mercury 


55.6 


8.9 


13.55 


0.0148 


— , 


-38.87 


Molybdenum 


3.3 


45 


10.2 


0.346 


5.0 


2622 


Monel Metal 


27.8 


20 


8.8 


0.06 


14 


1350 


Nichrome 


65 


1.7 


8.25 


0.035 


12.5 


1350 


Nickel 


5.05 


47 


8.85 


0.142 


12.8 


1452 


Nickel Silver 


16 


2.6 


8.72 


0.07 


18.36 


1110 


Phosphor Bronze 


5.45 


— 


8.9 


0.15 


19.0 


1050 


Platinum 


6.16 


38 


21.4 


0.166 


8.9 


1773 


Silver 


0.95 


40 


10.5 


1.006 


19.5 


960.5 


Steel 


7.6-12.7 


16-42 


7.8 


0.115 


10.5-11.6 


1480 


Steel — Stainless 


52.8 


— 


7.9 


0.069 


10-11 


1410 


Tantalum 


9.0 


33 


16.6 


0.130 


6.5 


2850 


Tin 


6.7 


42 


7.3 


0.155 


21.4 


231.9 


Tungsten 


3.25 


45 


19.2 


0.476 


4.44 


3370 


Zinc 


3.4 


37 


7.14 


0.265 


26.3 


419.5 


Zirconium 


2.38 


44 


6.4 


— 


— 


1860 





O 


>TJ 




»-•» 


* 




o 


o 




o 


►d 







w 




ft. 


*> 




g 


H 




o 


»— i 




&• 


C/3 




<w 


o 


H 


3 


►a 


fe 


ft 

ft 


o 
o 


E 


1 


C 


00 




9 

1-4 



1— 1 

> 
r 

<z> 



♦Also known as Advance 5 Copel, Eureka, Ideal, etc. 



See also Refs. 1, 5, 6. 
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(iii) Composition of some common plastics 



Trade Name 

Bakelite 

Bakelite 

Bakelite 

Bakelite 

Beetle 

Cellophane 

Celluloid 

Distrene 

Duperite 

Erinoid 

Formica 

Glyptal 

Lucite 

Micarta 

Mycalex 

Neoprene 

Nylex 

Nylon 

Paxolin 

Perspex 

Plexiglass 

Polythene 

PVC 

Scarab 

Synthane 

Trolitul 

Vinylite A 

Vinylite Q 

Vinylite V 

Vinylite X 

Xylonite 



TABLE 39 

Composition 

Phenol formaldehyde 

Urea formaldehyde 

Cellulose acetate 

Polystyrene 

Urea formaldehyde 

Regenerated cellulose film 

Cellulose nitrate 

Polystyrene 

Phenol formaldehyde 

Casein 

Phenol formaldehyde (lamination) 

Glycerol-phthalic anhydride 

Methyl methacrylate polymer 

Phenol formaldehyde (lamination) 

Mica bonded glass 

Chloroprene synthetic rubber 

Polyvinyl chloride 

Synthetic polyamides and super polyamides 

Phenol formaldehyde 

Methyl methacrylate polymer 

Methyl methacrylate polymer 

Polyethylene 

Polyvinyl chloride 

Urea formaldehyde 

Phenol formaldehyde 

Polystyrene 

Polyvinyl acetate 

Polyvinyl chloride 

Vinyl chloride-acetate copolymer 

Polyvinyl butyral 

Nitrocellulose 



(iv) Weights of common materials 

The weights of the following materials are given in pounds per cubic inch. 

TABLE 40 



Aluminium 
Armco iron 
Brass 

Constantan 
Copper 
German silver 
Iron (cast) 
Mumetal 
Perm-Alloy B 
Perm-Alloy C 
Perspex 
Polyamide (Nylon) 



0.098 
0.284 
0.304 
0.321 
0.310 
0.323 
0.281 
0.318 
0.299 
0.310 
0.043 
0.041 



Polystyrene 

Radio metal 

Rho metal 

Steel 
Cast 

2% silicon 
4% silicon 

Synthetic wax 
Seekay 
Halowax 

2129 Alloy 



0.038 
0.299 
0.292 

0.278 
0.278 
0.271 

0.056 
0.056 
0.292 



See Sect. 10(viii) for weight of metal sheets. 
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(v) Resistance of a conductor at any temperature 

To find the resistance of a conductor at any temperature : 
R t = R W U +(t - 20)a] 
where R t = resistance at temperature t°C 
R 20 = resistance at 20 °C 

t = temperature of conductor °C 
and a = temperature coefficient of resistivity at 20 °C. 

Most conductors increase in resistance when their temperature is increased. 

(vi) Reference to properties of materials 

1. English readers are referred to the Radio Industry Council Specification No. 
RIC/1000/A " Choice of materials for radio and other electronic equipment and for 
components therein " Issue No. 1 — July 1949. 

2. British Standard 1598 : 1949 " Ceramic materials for telecommunication and 
allied purposes." Gives summary of electrical, mechanical, thermal and general 
properties of insulators. 

3. British Standard 1540 : 1949 " Moulded electrical insulating materials for use 
at radio frequencies ". 

4. D. W. Thomasson " Silicones and other silicon compounds " Electronic Eng. 
22.272 (Oct. 1950) 422. 

5. Federal Telephone and Radio Corporation " Reference Data for Radio En- 
gineers " 3rd ed. 31-39, 47-53. 

6. " Standard Handbook for Electrical Engineers," McGraw-Hill Book Co. Inc. 
8th ed. 1949, Sect. 4. 

Extensive treatment ; also gives bibliography of insulating materials Sect. 4-619. 

(vii) Chemical and physical constants 

Some Chemical and Physical Constants as at 1 Dec. 1950, extracted from Table 
VII, " A re-evaluation of the fundamental atomic constants " Physical Review 81.1 
(Jan. 1, 1951) 73. 

Electron mass m = (9.10710 ± 0.00022) x 10~ 2 V 

Electronic charge e = (4.80217 ± 0.00006) x 10 _10 esu 

= (1.601844 ± 0.000021) X 10- 20 emu 
Boltzmann's constant k = (1.38020 ± 0.00007) x 10~ 16 erg deg -1 
Ratio proton mass to electron mass 

M/m = (1836.093 ± 0.044) 
Velocity of light c = (299790.0 ± 0.7) km/sec 



I 
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SECTION 9: REACTANCE, IMPEDANCE AND RESONANCE 

(») Inductive reactances (») Capacitive reactances (m) Impedance of reactance 
and resistance in parallel (iv) Impedance of reactance and resistance in series (v) 
Resonance (irc) Approximations in the calculation of impedance for reactance and 
resistance in series and parallel (vii) Reactance chart. 



(i) Inductive reactances 

(Correct to three significant figures) 







TABLE 41 






AUDIO FREQUENCIES 








X L = utL 


Induct- 


Reactance in 


Ohms at : — 






(Henries) 30 c/s 


50 c/s 


100 c/s 


400 c/s 


1000 c/s 


5000 c/s 


250 47 100 


78 500 


157 000 


628 000 


1570 000 


7 850 000 


100 18 800 


31400 


62 800 


251000 


628 000 


3 140 000 


50 9 420 


15 700 


31400 


126 000 


314 000 


1 570 000 


25 4 710 


7 850 


15 700 


62 800 


157 000 


785 000 


10 1 880 


3 140 


6 280 


25 100 


62 800 


314 000 


5 942 


1570 


3 140 


12 600 


31400 


157 000 


1 188 


314 


628 


2 510 


6 280 


31400 


.1 18.8 


31.4 


£o a 


i«i 


628 


3 140 


.01 1.88 


3.14 


6.28 


25.1 


62.8 


314 


1000 /xH .188 


.314 


.628 


2.51 


6.28 


; 31.4 


200 fiH .0376 


.0628 


.126 


.502 


126 


6.28 


100 /iH .0188 


.0314 


.0628 .251 


.628 3.14 


RADIO FREQUENCIES 








X L = coL 


Induct- 




Reactance i 


in Ohms at : 


— 




ance 
(Henries) 175 Kc/s 


252 Kc/s 


465 Kc/s 


550 Kc/s 


1000 Kc/s 


1500 Kc/s 


1 1 100000 


1580 000 


2 920 000 


3460 000 


6 280 000 


9430 000 


.1 110 000 


158 000 


292 000 


346 000 


628 000 


943 000 


.01 11 000 


15 800 


29 200 


34 600 


62 800 


94 300 


1000 iM 1 100 


1580 


2 920 


3460 


6 280 


9430 


200 ixH 220 


317 


584 


691 


1260 


1890 


100 tiU 110 


158 


292 


346 


628 


943 
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(ii) Capacitive reactances 










(Correct to three 


significant figures) 














TABLE 42 






AUDIO FREQUENCIES 








X c = 1/wC 


Capacit- 














ance 






Reactance in Ohms at :- 






Micro- 
farads 














30 c/s 


50 c/s 


100 c/s 


400 c/s 


1000 c/s 


5000 c/s 


.00005 











_ 





637 000 


.0001 


— 


— 


— 


— 


1590 000 


318 000 


.00025 


— 


— 


— 


1590 000 


637 000 


127 000 


.0005 


— 


— 


3180 000 


796 000 


318 000 


63 700 


.001 


— 


3 180 000 


1590 000 


398 000 


159 000 


31800 


.005 1 060 000 


637 000 


318 000 


79600 


31800 


6 370 


.01 


531000 


318 000 


159 000 


39 800 


15 900 


3 180 


.02 


263 000 


159 000 


79 600 


19 900 


7 960 


1590 


.05 


106 000 


63 700 


31800 


7 960 


3 180 


637 


.1 


53 100 


31800 


15 900 


3 980 


1590 


318 


.25 


21200 


12 700 


6 370 


1590 


637 


127 


.5 


10 600 


6 370 


3 180 


796 


318 


63.7 


1 


5 310 


3 180 


1590 


389 


159 


31.8 


2 


2 650 


1590 


796 


199 


79.6 


15.9 


4 


1310 


796 


398 


99.5 


39.8 


7.96 


8 


663 


398 


199 


49.7 


19.9 


3.98 


10 


531 


318 


159 


38.9 


15.9 


3.18 


20 


265 


159 


79.6 


19.9 


7.96 


i 1.59 


50 


106 


63.7 


31.8 


7.96 


3.18 


! 0.637 



RADIO FREQUENCIES 








Xq = l/a)C 


Capacit- 














ance 






Reactance 


in Ohms at 


: — 




Micro- 
farads 














175 Kc/s 


252 Kc/s 


465 Kc/s 


550 Kc/s 


1000 Kc/s 


1500 Kc/s 


.00005 ] 


18 200 


12 600 


6 850 


5 800 


3180 


2 120 


.0001 


9100 


6 320 


3420 


2900 


1590 


1060 


.00025 


3640 


2 530 


1370 


1 160 


637 


424 


.0005 


1820 


1260 


685 


579 


318 


212 


.001 


910 


632 


342 


290 


159 


106 


.005 


182 


126 


68.5 


57.9 


31.8 


21.2 


.01 


91.0 


63.2 


34.2 


28.9 


15.9 


10.6 


.02 


45.5 


31.6 


17.1 


14.5 


7.96 


5.31 


.05 


18.2 


12.6 


6.85 


4.79 


3.18 


2.12 


.1 


9.10 


6.32 


3.42 


2.89 


1.59 


1.06 


.25 


3.64 


2.53 


1.37 


1.16 


.637 


.424 


.5 


1.82 


1.26 


.685 


.579 


.318 


.212 


1 


.910 


.632 


.342 


.289 


.159 


.106 


2 


.455 


.316 


.171 


.145 


.0796 


.0531 


4 


.227 


!l58 


.0856 


!o723 


.0398 


.0265 
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(Table 42 — continued) 

RADIO FREQUENCIES X c = 1/oC 

Caoacit- Reactance in Ohms at : — 

ance : 

finF 6 Mc/s 12 Mc/s 18 Mc/s 25 Mc/s 50 Mc/s 100 Mc/s 

10 2650 1330 888 637 318 159 

22 1206 603 402 290 145 72.4 

47 565 282 188 135 67.7 33.9 

100 265 133 88.8 63.7 31.8 15.9 



220 


120.6 


60.3 


40.2 


29.0 


14.5 


7.24 


470 


56.5 


28.2 


18.8 


13.5 


6.77 


3.39 


1000 


26.5 


13.3 


8.88 


6.37 


3.18 


1.59 


2200 


12.06 


6.03 


4.02 


2.90 


1.45 


0.724 


4700 


5.65 


2.82 


1.88 


1.35 


0.677 


0.339 


10 000 


2.65 


1.33 


0.888 


0.637 


0.318 


0.159 
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(iii) Impedance of reactance and resistance in parallel 

Table 43 has been prepared to permit the finding of any one of the three quantities 
X, R or Z when the other two are given. When X and i? are given, divide the larger 
of the two quantities into the smaller one and thus get a ratio less than 1. Find this 
ratio in the left column and multiply the number obtained in the second column by 
R or X whichever is the larger and find Z. 

Suppose R equals 1000 ohms and X is 200 ohms, which makes X/R = .20. Table 
43 shows us that Z/R is then 0.1961. Multiplying by R, we have Z = 0.1961 x 1000 
= 196.1 ohms. 

TABLE 43 : REACTANCE AND RESISTANCE VALUES IN PARALLEL 



X/R 


Z/R 


X/R 


Z/R 


X/R 


Z/R 


or R/X 


or Z/X 


or R/X 


or Z/X 


or R/X 


or Z/X 


0.10 


0.0995 


0.49 


0.4400 


0.88 


0.6606 


0.11 


0.1093 


0.50 


0.4472 


0.89 


0.6648 


0.12 


0.1191 


0.51 


0.4543 


0.90 


0.6690 


0.13 


0.1289 


0.52 


0.4613 


0.91 


0.6730 


0.14 


0.1386 


0.53 


0.4683 


0.92 


0.6771 


0.15 


0.1483 


0.54 


0.4751 


0.93 


0.6810 


0.16 


0.1580 


0.55 


0.4819 


0.94 


0.6849 


0.17 


0.1676 


0.56 


0.4886 


0.95 


0.6888 


0.18 


0.1771 


0.57 


0.4952 


0.96 


0.6925 


0.19 


0.1867 


0.58 


0.5017 


0.97 


0.6963 


0.20 


0.1961 


0.59 


0.5082 


0.98 


0.6999 


0.21 


0.2055 


0.60 


0.5145 


0.99 


0.7036 


0.22 


0.2149 


0.61 


0.5208 


1.00 


0.7071 


0.23 


0.2242 


0.62 


0.5269 


1.10 


0.7400 


0.24 


0.2334 


0.63 


0.5330 


1.20 


0.7682 


0.25 


0.2425 


0.64 


0.5390 


1.30 


0.7926 


0.26 


0.2516 


0.65 


0.5450 


1.40 


0.8137 


0.27 


0.2607 


0.66 


0.5508 


1.50 


0.8320 


0.28 


0.2696 


0.67 


0.5566 


1.60 


0.8480 


0.29 


0.2785 


0:68 


0.5623 


1.70 


0.8619 


0.30 


0.2874 


0.69 


0.5679 


1.80 


0.8742 


0.31 


0.2961 


0.70 


0.5735 


1.90 


0.8850 


0.32 


0.3048 


0.71 


0.5789 


2.00 


0.8944 


0.33 


0.3134 


0.72 


0.5843 


2.20 


0.9104 


0.34 


0.3219 


0.73 


0.5895 


2.40 


0.9231 


0.35 


0.3304 


0.74 


0.5948 


2.60 


0.9333 


0.36 


0.3387 


0.75 


0.6000 


2.80 


0.9418 


0.37 


0.3470 


0.76 


0.6051 


3,00 


0.9487 


0.38 


0.3552 


0.77 


0.6101 


3.20 


0.9545 


0.39 


0.3634 


0.78 


0.6150 


3.40 


0.9594 


0,40 


0.3714 


0.79 


0.6199 


3.60 


0.9635 


0.41 


0.3793 


0.80 


0.6246 


3.80 


0.9671 


0.42 


0.3872 


0.81 


0.6289 


4.00 


0.9702 


0.43 


0.3950 


0.82 


0.6341 


5.00 


0.9807 


0.44 


0.4027 


0.83 


0.6387 


6.00 


0.9864 


0.45 


0.4103 


0.84 


0.6432 


7.00 


0.9902 


0.46 


0.4179 


0.85 


0.6477 


8.00 


0.9921 


0.47 


0.4254 


0.86 


0.6520 


9.00 


0.9939 


0.48 


0.4327 


0.87 


0.6564 


10.00 


0.9950 



By means of Chart 38.1 it is possible to determine either the parallel impedance 
(Z), reactance (X) or resistance (R) knowing the other two values. Expressing the 
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capacitance (C) in microfarads, the inductance (L) in henrys and the frequency (F) 
in cycles use the bottom scale and read directly on to the chart. 

REACTANCE AND RESISTANCE IN PARALLEL 

CHART 38.1 
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(iv) Impedance of reactance and resistance in series 

To use Table 44, find the ratio R/X or X/R, refer to the table and find the corres- 
ponding ratio Z/X or Z/R. The table can also be used when Z is given together 
with one of the other quantities. It was for this reason that the table had to be ex- 
tended for values of R/X or X/R from 0.1 to 1.0 since otherwise it would have been 
sufficient to include values from 1 upwards or downwards but not both. Example : 
suppose X = 1600 ohms and R = 1000 ohms. Then X/R = 1.6 ; the table shows 
Z/R = 1.8868. Then Z equals 1 8868 R or 1886.8 ohms. 



TABLE 44 : 


REACTANCE AND 


RESISTANCE 


VALUES IN 


SERIES 


X/R 


Z/R 


X/R 


Z/R 


X/R 


Z/R 


or R/X 


or Z/X 


or R/X 


or Z/X 


or R/X 


or Z/X 


0.10 


1.0050 


0.53 


1.1318 


0.96 


1.3862 


0.11 


1.0060 


0.54 


1.1365 


0.97 


1.3932 


0.12 


1.0072 


0.55 


1.1413 


0.98 


1.4001 


0.13 


1.0084 


0.56 


1.1461 


0.99 


1.4071 


0.14 


1.0097 


0.57 


1.1510 


1.00 


1.4141 


0.15 


10112 


0.58 


1.1560 


1.1 


1.4866 


0.16 


1.0127 


0.59 


1.1611 


1.2 


1.5621 


0.17 


1.0144 


0.60 


1.1662 


1.3 


1.6401 


0.18 


1.0161 


0.61 


1.1714 


1.4 


1.7205 


0.19 


1.0179 


0.62 


1.1765 


1.5 


1.8028 


0.20 


1.0198 


0.63 


1.1819 


1.6 


1.8868 


0.21 


1.0218 


0.64 


1.1873 


1.7 


1.9723 


0.22 


1.0239 


0.65 


1.1927 


1.8 


2.0591 


0.23 


1.0261 


0.66 


1.1981 


1.9 


2.1471 


0.24 


1.0284 


0.67 


1.2037 


2.0 


2.2361 


0.25 


1.0308 


0.68 


1.2093 


2.1 


2.3259 


0.26 


1.0333 


0.69 


1.2149 


2.2 


2.4166 


0.27 


1.0358 


0.70 


1.2207 


2.3 


2.5080 


0.28 


1.0384 


0.71 


1.2264 


2.4 


2.6000 


0.29 


1.0412 


0.72 


1.2322 


2.5 


2.6926 


0.30 


1.0440 


0.73 


1.2381 


2.6 


2.7857 


0.31 


1.0469 


0.74 


1.2440 


2.7 


2.8792 


0.32 


1.0499 


0.75 


1.2500 


2.8 


2.9732 


033 


1.0530 


0.76 


1.2560 


2.9 


3.0676 


0.34 


1.0562 


0.77 


1.2621 


3.0 


3.1623 


0.35 


1.0595 


0.78 


1.2682 


3.1 


3.2573 


0.36 


1.0628 


0.79 


1.2744 


3.2 


3.3526 


0.37 


1.0662 


0.80 


1.2806 


3.3 


3.4482 


0.38 


1.0698 


0.81 


1.2869 


3.4 


3.5440 


0.39 


1.0733 


0.82 


1.2932 


3.5 


3.6400 


0.40 


1.0770 


0.83 


1.2996 


3.6 


3.7362 


0.41 


1.0808 


0.84 


1.3060 


3.7 


3.8327 


0.42 


1.0846 


0.85 


1.3125 


3.8 


3.9293 


0.43 


1.0885 


0.86 


1.3190 


3.9 


4.0262 


0.44 


1.0925 


0.87 


1.3255 


4.0 


4.1231 


0.45 


1.0966 


0.88 


1.3321 


4.1 


4.2202 


0.46 


1.1007 


0.89 


1.3387 


4.2 


4.3174 


0.47 


1.1049 


0.90 


1.3454 


4.3 


4.4147 


0.48 


1.1092 


0.91 


1.3521 


4.4 


4.5122 


0.49 


1.1136 


0.92 


1.3588 


4.5 


4.6098 


0.50 


1.1180 


0.93 


1.3656 


4,6 


4,7074 


0.51 


1.1225 


0.94 


1.3724 


4.7 


4.8052 


0.52 


1.1271 


0.95 


1.3793 


4.8 


4.9030 
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TABLE 44 (Continued) 



X/R 


Z/R 


X/R 


Z/R 


X/R 


Z/R 


or R/X 


or Z/X 


or R/X 


or Z/X 


or R/X 


or Z/X 


4.9 


5.0009 


6.6 


6.6752 


8.3 


8.3600 


5.0 


5.0990 


6.7 


6.7741 


8.4 


8.4594 


5.1 


5.1971 


6.8 


6.8731 


8.5 


8.5580 


5.2 


5.2952 


6.9 


6.9720 


8.6 


8.6576 


5.3 


5.3935 


7.0 


7.0711 


8.7 


8.7572 


5.4 


5.4918 


7.1 


7.1701 


8.8 


8.8566 


5.5 


5.5901 


7.2 


7.2691 


8.9 


8.9560 


5.6 


5.6885 


7.3 


7.3681 


9.0 


9.0554 


5.7 


5.7871 


7.4 


7.4671 


9.1 


9.1548 


5.8 


5.8856 


7.5 


7.5662 


9.2 


9.2542 


5.9 


5.9841 


7.6 


7.6654 


9.3 


9.3536 


6.0 


6.0828 


7.7 


7.7646 


9.4 


9.4530 


6.1 


6.1814 


7.8 


7.8638 


9.5 


9.5524 


6.2 


6.2801 


7.9 


7,9630 


9.6 


9.6518 


6.3 


6.3789 


8.0 


8.0623 


9.7 


9.7512 


6.4 


6.4777 


8.1 


8.1615 


9.8 


9.8507 


6.5 


6.5764 


8.2 


8.2608 


9.9 
10.0 


9.9503 
10.0499 



From Chart 38.2 (page 1384) it is possible to determine either the series impedance 
(Z), reactance (X) or resistance (R) knowing the other two values. Expressing the 
capacitance (C) in microfarads, the inductance (L) in henrys and the frequency (/) 
in c/s, use the top scale and read directly on to the chart. 

Tables 43, 44 and charts 38.1, 38.2 are reprinted from the Aerovox Research Worker 
11, Nos. 1 and 2 (Jan. and Feb. 1939) by courtesy of the Aerovox Corporation. 



1384 (iv) IMPEDANCE OF REACTANCE AND RESISTANCE IN SERIES 38.9 

CHART 38.2 

REACTANCE AND RESISTANCE IN SERIES 
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Resistance and reactance in series — Alternative method 

Chart 38.3 assists in the evaluation of the impedance Z and its phase angle 6 when 
the values of resistance R and reactance X are known. Firstly read R along the 
horizontal scale, then read upwards to the value of jX ; the magnitude of Z is given 
by the radius which may be read by running the eye down the arc to the horizontal 
axis. The angle of Z is given directly by the angle at the point of intersection. For 
example, R = 15 ohms in series with jX = 5.6 ohms gives R + jX = 16 ohms, 
Z.20° (approx.). When any value of R or X is greater than the limits on the chart, 
both scales should be multiplied by the same factor. For example, R = 150 ohms 
in series with/X" = 56 ohms gives R + jX = 160 ohms, Z.20 . Negative reactances 
may be treated as positive when using the chart, but the angle of Z will then be nega- 
tive. 



CHART 38.3 
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(v) RESONANCE 



38.9 



(v) Resonance 

(A) Resonance frequency 



table (audio frequencies) 

TABLE 45 : RESONANCE FREQUENCY C/S 



C(mF) 


50 


100 


200 


400 


1000 


2000 


5000 


10 000 


1 


506 


253 
506 


127 
253 
506 


63.3 
127 
253 
633 


25.3 

50.6 

101 

253 

506 


12.7 
25.3 
50.6 
127 
253 
633 


5.06 

10.1 

20.2 

50.6 

101 

253 

506 


2.53 


0.5 


1.01 

2.02 

5.06 

10.1 

25.3 

50.6 

101 

253 

506 


5.06 


0.25 


1.01 
2.53 
5.06 
12.7 
25.3 
50.6 
127 
25.3 


10.1 


0.1 


1.27 
2.53 
6.33 
12.7 
25.3 
63.3 
127 


25.3 


0.05 


1.27 
3.16 
6.33 
12.7 
31.6 
63.3 


50.6 


0.02 


1.27 
2.53 
5.06 
12.7 
25.3 


127 


0.01 


1.27 
2.53 
6.33 
12.7 


253 


0.005 


1.01 
2.02 
5.06 


506 


0.002 
0.001 


1.27 
2.53 



Inductance values above the stepped line are in millihenrys and those below in 
henrys. 

(B) R-F solenoid design chart 

Chart 38.4 enables the radio engineer to determine the approximate number of 
turns on a solenoid of specified diameter and length, to resonate at a specified fre- 
quency with a specified capacitance. (Chart by P. G. Sulzer in Tele-Tech, May 
1951, p. 45 and reproduced by kind permission). 

The following example will indicate the method : 

It is desired to design a coil for a harmonic generator which is to operate at a fre- 
quency of 10 Mc/s with a total capacitance of 50 /x/tF. Drawing a straight line be- 
tween 10 Mc/s on the/ scale and 50 /i/*F on the C scale, the inductance L is found to 
be approximately 5 jkH. This value need not be recorded unless it is required for 
some other purpose. Assuming that the winding is to be one inch in diameter by 
two inches long, the intersection of the appropriate lines is found in the graph at the 
right-hand side of the chart. This intersection is projected horizontally to the left 
as shown, and then a straight line is drawn to the 5 jiH point on the L scale. The 
result is found to be 22 turns, as indicated on the n scale. 

(vi) Approximations in the calculation of impedance for reactance 
and resistance in series and parallel 

When a resistance and a reactance are in series, and the reactance is numerically 
smaller than the resistance, the value of the resistance may be taken as being an ap- 
proximation to the impedance, with the errors indicated below : 

R/X = 1 2 3 4 5 7 10 

error = 29% 11% 5% 3% 2% 1% 0.5% 

When a resistance and a reactance are in parallel, and the reactance is numerically 
larger than the resistance, the value of the resistance may be taken as being an approxi- 
mation to the impedance, with the errors indicated below : 

X/R 1 2 3 4 5 7 10 

error = 41% 12% 5.5% 3% 2% 1% 0.5% 
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(vii) Reactance chart 

A very complete form of reactance chart, including reactance, frequency, inductance, 
capacitance, susceptance, wavelength and time constant, is given by H. A. Wheeler 
" Reactance Chart " Proc. I.R.E. 38.12 (Dec. 1950) 1392. 



CHART 38.4: R-F SOLENOID DESIGN CHART— see page 1386. 
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(i) Standard American screws used in radio manufacture 

(American Standard Bl.l — 1935 ; coarse thread). 

TABLE 46 



Size of screw 


Outside 


Pitch 


Root 


Tap 


Tap 


Clearance 


and T.P.I. 


dia. in inches 


dia. in inches 


dia. in inches 


drill steel 


drill cast iron 


drill 


2-56 


.0860 


.0744 


.0628 


No. 49 (.0730) 


No. 49 (.0730) 


No. 43 (.0890) 


3-48 


.0990 


.0855 


.0719 


No. 44 (.0860) 


No. 44 (.0860) 


No. 39 (.0995) 


4-40 


.1120 


.0958 


.0795 


No. 42 (.0935) 


No. 43 (.0890) 


No. 33 (.1130) 


5-40 


.1250 


.1088 


.0925 


No. 34 (.1110) 


No. 35 (.1110) 


No. 30 (.1285) 


6-32 


.1380 


.1177 


.0974 


No. 32 (.1160) 


No. 33 (.1130) 


No. 28 (.1405) 


8-32 


.1640 


.1437 


.1234 


No. 27 (.1440) 


No. 28 (.1405) 


No. 19 (.1660) 


10-24 


.1900 


.1629 


.1359 


No. 21 (.1590) 


No. 22 (1.570) 


No. 11 (.1910) 


10-32* 


.1900 


.1697 


.1494 


No. 19 (.1660) 


No. 20 (.1610) 


No. 11 (.1910) 


12-24 


.2160 


.1889 


.1619 


No. 16 (.1770) 


No. 17 (.1730) 


No. 2 (.2210) 


1-20 


.2500 


.2175 


.1850 


No. 7 (.2010) 


No. 8 (.1.990) 


\ in. 



3' 8 °" 



•Fine thread. 
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(ii) B.A. screw threads 

TABLE 47 
Dimensions given are only approximate 



B.A. 


Outside 


Core 


Turns 


Clearing 


Tapping 


No. 


dia. 


dia. 


per in. 


drill 


drill 





.236 


.189 


25.4 


£in.or"B" 


10-12 


1 


.209 


.166 


28.3 


2-3 


18-19 


2 


.185 


.147 


31.4 


10-11 


25-26 


3 


.161 


.127 


34.8 


18-19 


30-31 


4 


.142 


.111 


38.5 


26-27 


33-34 


5 


.126 


.098 


43.1 


29-30 


39-40 


6 


.110 


.085 


47.9 


32-33 


44 


7 


.098 


.076 


52.9 


38-39 


48 


8 


.087 


.066 


59.2 


42-43 


51 


9 


.075 


.056 


65.1 


46-47 


53 


10 


.067 


.050 


72.5 


49-50 


55 



(iii) Whitworth screw threads 

TABLE 48 



Outside 


Core 


Threads 


Tapping 


dia. 


dia. 


per inch 


drill 


1/8 in. 


.093 in. 


40 


41 


3/16 in. 


.134 


24 


9/64 in. 


1/4 in. 


.186 


20 


12 


5/16 in. 


.241 


18 


1/4 in. 


3/8 in. 


.295 


16 


5/16 in. 


1/2 in. 


.393 


12 


13/32 in. 


5/8 in. 


.509 


11 


17/32 in. 


3/4 in. 


.622 


10 


5/8 in. 


1 in. 


.840 


8 


27/32 in. 
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(iv) UNIFIED SCREW THREADS 
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(iv) Unified screw threads 

Provisional British Standard B.S. 1580 : 1949. 
American Standard A.SA. Bl.l— 1949. 

TABLE 49 









Major 


Effective 












diameter 


diameter* 


Minor diameter 


Designation 


Pitch 


Turns 




























Nut 










Nut and 


Nut and 


(design 


Bolt 








bolt 


bolt 


size)f 




Coarse Thread 


in. 


per in. 


in. 


in. 


in. 


in. 


1/4-20.UNC 


0.05000 


20 


0.2500 


0.2175 


0.1959 


0.1887 


5/16-18.UNC 


0.05556 


18 


0.3125 


0.2764 


0.2524 


0.2443 


3/8-16.UNC 


0.06250 


16 


03750 


0.3344 


0.3073 


0.2983 


7/16-14.UNC 


0.07143 


14 


0.4375 


0.3911 


0.3602 


03499 


1/2-12.UNC 


0.08333 


12 


0.5000 


0.4459 


0.4098 


03978 


9/16-12.UNC 


0.08333 


12 


0.5625 


0.5084 


0.4723 


0.4603 


5/8-1 l.UNC 


0.09091 


11 


0.6250 


0.5660 


0.5266 


0.5135 


3/4-10.UNC 


0.10000 


10 


0.7500 


0.6850 


0.6417 


0.6273 


7/8-9.UNC 


0.11111 


9 


0.8750 


0.8028 


0.7547 


0.7387 


1-8.UNC 


0.12500 


8 


1.0000 


0.9188 


0.8647 


0.8466 


Fine Thread 














1/4-28.UNF 


0.03571 


28 


0.2500 


0.2268 


0.2113 


0.2062 


5/16-24.UNF 


0.04167 


24 


0.3125 


0.2854 


0.2674 


0.2614 


3/8-24.UNF 


0.04167 


24 


0.3750 


0.3479 


0.3299 


0.3239 


7/16-20.UNF 


0.05000 


20 


0.4375 


0.4050 


0.3834 


0.3762 


1/2-20.UNF 


005000 


20 


0.5000 


0.4675 


0.4459 


0.4387 


9/16-18.UNF 


0.05556 


18 


0.5625 


0.5264 


0.5024 


0.4943 


5/8-18.UNF 


0.05556 


18 


0.6250 


0.5889 


0.5649 


0.5568 


3/4-16.UNF 


0.06250 


16 


0.7500 


0.7094 


0.6823 


0.6733 


7/8-14.UNF 


0.07143 


14 


0.8750 


0.8286 


0.7977 


0.7874 


1-12.UNF 


0.08333 


12 


1.0000 


0.9459 


0.9098 


0.8978 



♦American : Pitch diameter. 

fCorresponds to a flat of p/4 where p = pitch. 

Note : The final decimal point is subject to slight modification when the British 
Standard has been approved. 
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(v) Drill sizes for self-tapping screws 

TABLE 50 





Metal 






Metal 




Screw No. 


thickness* 
mils 


Drill size 


Screw No. 


thickness* 
mils 


Drill size 


2 


16 


52 


4 


50 


41 


2 


20 


52 


4 


62 


39 


2 


25 


51 


4 


78 


38 


2 


31 


50 


6 


16 


37 


2 


39 


49 


6 


20 


37 


2 


50 


49 


6 


25 


36 


2 


62 


48 


6 


31 


36 


4 


16 


44 


6 


39 


35 


4 


20 


44 


6 


50 


34 


4 


25 


43 


6 


62 


32 


4 


31 


42 


6 


78 


31 


4 


39 


42 


6 


99 


30 



•For steel or brass. Use a somewhat smaller hole for softer metals. 



(vi) Wood screws 



TABLE 51 







American National Standard 


British Practice 




No. 








shank 


clearance 


shank 


clearance 






dia. in. 


drill No. 


dia. in. 


drill No. 







0.060 


50 


0.063 


52 




1 


.073 


49 


.066 


51 




2 


.086 


44 


.080 


46 




3 


.099 


39 


.094 


41 




4 


.112 


33 


.108 


35 




5 


.125 


30 


.122 


30 




6 


.138 


28 


.136 


28 




7 


.151 


24 


.150 


23 




8 


.164 


19 


.164 


18 




9 


.177 


16 


.178 


14 




10 


.190 


11 


.192 


9 




11 


.203 


6 


.206 


4 




12 


.216 


2 


.220 


1 




14 


.242 


E 


.248 


E 




16 


.268 


I 


.276 


K 
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(vii) TWIST DRILL SIZES 
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(vii) Twist drill sizes 



TABLE 52 
Number drills 



Drill 


Dia. 


Drill 


Dia. 


Drill 


Dia. 


No. 


Inch 


No. 


Inch 


No. 


Inch 


1 


.2280 


28 


.1405 


55 


.0520 


2 


.2210 


29 


.1360 


56 


.0465 


3 


.2130 


30 


.1285 


57 


.0430 


4 


.2090 


31 


.1200 


58 


.0420 


5 


.2055 


32 


.1160 


59 


.0410 


6 


.2040 


33 


.1130 


60 


.0400 


7 


.2010 


34 


.1110 


61 


.0390 


8 


.1990 


35 


.1100 


62 


.0380 


9 


.1960 


36 


.1065 


63 


.0370 


10 


.1935 


37 


.1040 


64 


.0360 


11 


.1910 


38 


.1015 


65 


.0350 


12 


.1890 


39 


.0995 


66 


.0330 


13 


.1850 


40 


.0980 


67 


.0320 


14 


.1820 


41 


.0960 


68 


.0310 


15 


.1800 


42 


.0935 


69 


.0292 


16 


.1770 


43 


.0890 


70 


.0280 


17 


.1730 


44 


.0860 


71 


.0260 


18 


.1695 


45 


.0820 


72 


.0250 


19 


.1660 


46 


.0810 


73 


.0240 


20 


.1610 


47 


.0785 


74^ 


.0225 


21 


.1590 


48 


.0760 


75 


.0210 


22 


.1570 


49 


.0730 


76 


.0200 


23 


.1540 


50 


.0700 


77 


.0180 


24 


.1520 


51 


.0670 


78 


.0160 


25 


.1495 


52 


.0635 


79 


.0145 


26 


.1470 


53 


.0595 


80 


.0135 


27 


.1440 


54 


.0550 







Letter drills 





Dia. 




Dia. 




Dia. 


Letter 


Inch 


Letter 


Inch 


Letter 


Inch 


A 


0.2340 


J 


0.2770 


S 


0.3480 


B 


0.2380 


K 


0.2810 


T 


0.3580 


C 


0.2420 


L 


0.2900 


U 


0.3680 


D 


0.2460 


M 


0.2950 


V 


03770 


E 


0.2500 


N 


0.3020 


w 


03860 


F 


0.2570 





0.3160 


X 


03970 


G 


0.2610 


P 


0.3230 


Y 


0.4040 


H 


0.2660 


Q 


0.3320 


Z 


0.4130 


I 


0.2720 


R 


0.3390 







38.10 (viii) SHEET METAL GAUGES 

(viii) Sheet metal gauges 

TABLE 53 : Thickness and weight per square foot 
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Birmingham 
Gauge (B.G.) 


American 

Manufacturers 

Standard Gauge* 

for sheet steel 


B & S (American) 
for non-ferrous sheet 




Gauge 
















inch 


steel 
lb/ft 2 


inch 


lb/ft 2 


inch 


lb per square foot 
copper brass aluminium 


10 


.1250 


5.100 


1345 


5.625 


.1019 


4.71 


4.51 


1.44 


11 


.1113 


4.541 


.1196 


5.000 


.0907 


4.19 


4.02 


1.28 


12 


.0991 


4.043 


.1046 


4.375 


.0808 


3.74 


3.58 


1.14 


13 


.0882 


3.599 


.0897 


3.750 


.0720 


3.33 


3.19 


1.01 


14 


.0785 


3.203 


.0747 


3.125 


.0641 


2.96 


2.84 


.903 


15 


.0699 


2.852 


.0673 


2.8125 


.0571 


2.64 


2.53 


.804 


16 


.0625 


2.550 


.0598 


2.500 


.0508 


2.35 


2.25 


.716 


17 


.0556 


2.268 


.0538 


2.250 


.0453 


2.10 


2.01 


.638 


18 


.0495 


2.020 


.0478 


2.000 


.0403 


1.86 


1.78 


.568 


19 


.0440 


1.795 


.0418 


1.750 


.0359 


1.66 


1.59 


.506 


20 


.0392 


1.599 


.0359 


1.500 


.0320 


1.48 


1.42 


.450 


21 


.0349 


1.424 


.0329 


1.375 


.0285 


1.32 


1.26 


.401 


22 


.03125 


1.275 


.0299 


1.250 


.0253 


1.17 


1.12 


.357 


23 


.02782 


1.134 


.0269 


1.125 


.0226 


1.05 


1.00 


.318 


24 


.02476 


1.010 


.0239 


1.000 


.0201 


.931 


.890 


.283 


25 


.02204 


0.898 


.0209 


.8750 


.0179 


.829 


.793 


.252 


26 


.01961 


0.800 


.0179 


.7500 


.0159 


.738 


.706 


.225 


27 


.01745 


0.712 


.0164 


.6875 


.0142 


.657 


.628 


.200 


28 


.015625 


0.636 


.0149 


.6250 


.0126 


.589 


.560 


.178 


29 


.0139 


0.567 


.0135 


.5625 


.0113 


.521 


.499 


.159 


30 


.0123 


0.502 


.0120 


.5000 


.0100 


.464 


.444 


.141 


31 


.0110 


0.449 


.0105 


.4375 


.00893 


.413 


.395 


.126 


32 


.0098 


0.400 


.0097 


.40625 


.00795 


.368 


.353 


.112 


33 


— 


— 


.0090 


.3750 


.00708 


.328 


.314 


.100 


34 


— 


■ — 


.0082 


.34375 


.00635 


.292 


.279 


.089 


35 


— 


— 


.0075 


.3125 


.00562 


.260 


.249 


.079 



*Based on 41.820 lb. per sq. foot per inch thick ; variations in thickness are to be expected. 
Other gauges are based directly on thickness ; variations in weight per square inch are to be expected. 



American Standard Preferred Thicknesses for uncoated thin flat metals 
(ASA. B32.1— 1941). 

This series of thickness is given in inches. 









TABLE 


54 










0.180 


0.090 


0.045 




0.022 


0.011 






0.160 


0.080 


0.040 




0.020 


0.010 


0.005 




0.140 


0.071 


0.036 




0.018 


0.009 






0.125 


0.063 


0.032 




0.016 


0.008 


0.004 


0.224 


0.112 


0.056 


0.028 




0.014 


0.007 




0.200 


0.100 


0.050 


0.025 




0.012 


0.006 
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SECTION 11 : TEMPERATURE RISE AND RATINGS 
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Fig. 38.7. Curves of temperature rise of power wire-wound resistors in free air. The 

temperature is considerably affected by the radiating properties of the coating. Type A 

coating refers to a vitreous enamel which is used for " tropic proofed " application and 

type B coating refers to an organic cement coating. 



TABLE 55 : SIZES OF WIRES FUSED BY ELECTRIC CURRENTS 





Copper 


Aluminium 


German Silver 




Tin 


Tin-Lead Alloy 


Lead 


Fusing 


a = 


10 244 


a = 


7585 


a ~ 


5230 


a = 


= 1642 


a = 


1318 


a = 


1379 


Current 


Dia. 


S.W.G. 


Dia. 


S.W.G. 


Dia. 


S.W.G. 


Dia. 


S.W.G. 


Dia. 


S.W.G. 


Dia. 


S.W.G. 


(Amperes) 


Inch 


Approx. 


inch 


Approx. 


inch 


Approx. 


inch 


Approx. 


inch 


Approx. 


inch 


Approx. 


1 


.0021 


47 


.0026 


46 


.0033 


44 


.0072 


37 


.0083 


35 


.0081 


35 


2 


.0034 


43 


.0041 


42 


.0053 


39 


.0113 


31 


.0132 


29 


.0128 


30 


3 


.0044 


41 


.0054 


39 


.0069 


37 


.0149 


28 


.0173 


27 


.0168 


27 


4 


.0053 


39 


.0065 


37 


.0084 


35 


.0181 


26 


.0210 


25 


.0203 


25 


5 


.0062 


38 


.0076 


36 


.0097 


33 


.0210 


25 


.0243 


23 


.0236 


23 


10 


.0098 


33 


.0120 


30 


.0154 


28 


.0334 


21 


.0386 


19 


.0375 


20 


20 


.0156 


28 


.0191 


25 


.0245 


23 


.0529 


17 


.0613 


16 


.0595 


17 


30 


.0205 


25 


.0250 


20 


.0320 


21 


.0694 


15 


.0803 


14 


.0779 


14 



Reprinted, with additions, by permission from STANDARD HANDBOOK FOR ELECTRICAL ENGINEERS (8th ed. Sect. 14-148) 
copyrighted by McGraw Hill Book Company Inc. 
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(i) VISIBILITY CURVES OF HUMAN EYE 



38.13 



SECTION 13 : CHARACTERISTICS OF LIGHT ; PANEL LAMPS 

(0 Visibility curves of human eye> and relative spectral energy curves of sunlight 
and tungsten lamp (ii) Velocity of light (Hi) American panel lamp characteristics. 

(i) Visibility curves of human eye, and relative spectral energy 
curves of sunlight and tungsten lamp (Fig. 38.8) 

The wavelength of light is measured in Angstrom Units (A°). One Angstrom 
Unit is equal to 1/10 000 of a micron, that is 1/10 of a milli-micron. A micron is 
1/1 000 000 (10- 6 ) of a metre. 

The wavelengths visible to the human eye extend from about 4000 to 7000 A°. 
Beyond these extends the region of " invisible light " which, although invisible to 
the human eye, may be detected by the photo-tube or other means. 

The eye, when accustomed to high light intensity, is most sensitive to a wavelength 
of 5550 A , in the green-yellow region. The relative visibility curve for these con- 
ditions is Curve A, which is taken after H. E. Ives*. As the light intensity is reduced, 
the wavelength at which the eye is most sensitive decreases until at very low intensity 
it is approximately as shown in Curve B. 

Different light sources have different spectral energy curves. The curve for sun- 
light (Curve C is for sunlight at the earth's surface at a zenith distance of 25°) is more 
nearly constant over the range of visible light than that for a tungsten lamp (Curve D 
is for a 1000 watt gasnlled tungsten lamp, 20 lumens per watt). The relative posi- 
tions of curves C and D are quite arbitrary. 
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FIG. 38. 8 
Fig. 38.8. Relative visibility curves, etc. (for description see text). 



(ii) Velocity of light 

Velocity of light in a vacuum = 2.9979 x 10 8 metres/sec. 

m 3 x 10 8 metres/sec. 

See Editorial, W.E. 28.331 (April 1951) 99. 
Also Electronic Eng. (Dec. 1950) 524. 
Photometric units — see page 1334. 



*See R. A. Houston, " Vision and Colour Vision/' Longmans Green and Co. (1932) Chapter 5- 
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(iii) AMERICAN PANEL LAMP CHARACTERISTICS 



1397 



(iii) American panel lamp characteristics 

(RTMA Standard REC-137, October 1951). 





TABLE 56 


: AMER 


ICAN STA] 


NDARI 


) PANEL LAMPS 




Trade 


Circuit 


Design 


Amperes 


Approx. 








Number 


Volts 


Volts 


or Watts 


C.P. 




Life* 


Bulb 


Base 


40 


6.3 


6.3 


0.15A 


* 




3000 


T-3i 


(A) 


41 


2.5 


2.5 


0.50A 


i 




3000 


T-3J 


(A) 


44 


6.3 


6.3 


0.25A 


i 




3000 


T-3i 


.(B) 


46 


6.3 


6.3 


0.25A 


i 




3000 


T-3J 


(A) 


49 


2 


2 


0.06A 


— 




1000 


T-3£ 


(B) 


48 


2 


2 


0.06A 


— 




1000 


T-3J 


(A) 


47 


6.3 


6.3 


0.15A 


t 




3000 


T-3i 


(B) 


— 


115-125 


120 


10W 


3 




3000+ 


C7 


(Q 


A. Miniature screw 


base. B. 


Miniature t 


>ayonet 


base 


, single 


contact. 


C. Can- 



delabra bayonet base, double contact. 



SECTION 14 : GREEK ALPHABET 

TABLE 57 : GREEK ALPHABET 



Name 


Large 


Small 


English Equivalent 


alpha 


A 


a 


a 


beta 


B 


P 


b 


gamma 


r 


r 


g 


delta 


A 


8 


d 


epsilon 


E 


€ 


e (short e as in "met") 


zeta 


Z 


C 


z 


eta 


H 


V 


e (long e as in "meet") 


theta 





e 


th 


iota 


/ 


i 


i 


kappa 


K 


X 


k 


lambda 


A 


A 


1 


mu 


M 


u 


m 


nu 


N 


V 


n 


xi 


3 


t 


X 


omicron 


O 





o (as in " olive ") 


Pi 


n 


ir 


P 


rho 


p 


P 


r 


sigma 


X 


a 


s 


tau 


T 


r 


t 


upsilon 


Y 


V 


u 


phi 





V 


ph 


chi 


X 


X 


ch (as in " school ") 


psi 


¥ 


* 


ps 


omega 


Q 


(O 


o (as in " hole ") 



* Rated average laboratory life expectancy in hours at design volts. 
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SECTION 15 : DEFINITIONS 

Most words which need explanation are explained or defined in the text and a 
reference is given in the index. The definitions below are supplementary and not 
inclusive. 

See also other references at end of definitions (pp. 1403-1404). 



A-battery Battery for supplying power to the valve filaments. (English name 
L.T. battery). 

Absolute value Refers to magnitude without regard to direction or sign. De- 
signated \A\. 

A.C./D.C. receiver One which operates from either power source. 

Acoustical feedback The operation of a microphone by the return to it of sound 
waves from the loudspeaker in the same sound system, reinforcing the input. 
It can cause sustained oscillation, or howling. A similar effect can occur from 
a microphonic valve. 

Air-core Having no iron in its magnetic circuit. 

Algebraic sum The sum of two or more quantities paying due regard to the posi- 
tive or negative sign before each quantity. 

Alternating current (or voltage) One that alternates regularly in direction, which 
is periodic and has an average value (over a period) of zero. 

Ambient temperature The temperature of the air at a particular point, usually 
as indicated by a thermometer. 

Amplification Increase in signal voltage (or power). 

Angular velocity of a rotating body is the angle through which any radius turns in 
one second, generally expressed in radians per second. 

Anode Positive electrode or plate. 

Antinode A point on a stationary wave system which has a maximum amplitude. 

Asymmetrical Having different characteristics for conduction in the two directions. 

Attenuation Decrease in signal voltage or power. 

Audio frequency A frequency within the range of frequencies audible to the 
normal human ear (say 25-16 000 c/s). 

Axial leads Leads from the ends of resistors, capacitors, etc. 

B 

B-battery The battery which supplies power to the plate and screen circuits. 

(English name is H.T. battery). 
B-supply A plate and screen voltage source for a receiver and amplifier. 
Band Frequencies between a specific upper and lower limit. 
Band-pass Passing a specific band of frequencies only. 

Bandspread A means for spreading the coverage, on the dial, of a band of fre- 
quencies. 
Bass Low audio frequencies. 
Bass boost To boost the amplification at bass frequencies relatively to that at 

higher frequencies. 
Beating A periodic variation in the amplitude of an oscillation (or sound) which is 

the resultant of two or more oscillations (or sounds) of different frequencies. 
Bias Voltage applied to the grid to obtain the desired operating point. 
Bleeder resistor Resistor connected across a voltage source to provide an additional 

load. The term is sometimes applied to a voltage divider carrying a relatively 

heavy current to provide good regulation. 
Blocking Cutting off the plate current by a high negative bias on the grid. For 

Grid Blocking see page 21. 
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Bogie Each individual characteristic in the manufacturing specification is normally 
prescribed as a bogie value with plus and minus tolerances. The bogie value of 
a characteristic is the exact value specified for that characteristic by the valve 
manufacturing specifications. 

Bucking Two forces opposing one another. 

By-pass condenser One which allows alternating current to by-pass part of a 
circuit. 

C 

C-battery Battery which supplies voltage to the grid. Also known as bias battery. 

Capacitor Condenser. 

Carrier frequency The frequency of a component of a modulated wave which 

is the same as that of the wave before modulation is applied. 
Carrier wave The unmodulated wave radiated by a broadcast station. 
Cascade In an amplifier, when the output of one valve is used to control the grid 

circuit of another valve, the valves are said to be in cascade. 
Cathode Negative electrode. 

Cathode current The total electronic current passing through the cathode. 
Channel The assigned band of frequencies within which a broadcast station is 

expected to keep its modulated carrier. 
Choke coil Inductance. 
Co-axial Having a common axis. 
Compliance The ratio of the displacement of a body to the force applied. The 

inverse of stiffness. 
Condenser Capacitor. See Chapter 4. 

Consonance The agreeable effect produced by certain intervals (in music). 
Constant A quantity which retains its fixed value under all conditions. 
Converter The stage in a receiver which converts the frequency from radio fre- 
quency to intermediate frequency. 
Co-planar In the same plane. 
Core The centre of a coil. 
Cross modulation The modulation of the carrier of the desired signal by an un= 

desired signal. 
Cut-off frequency The frequency beyond which the attenuation increases rapidly. 
Cycle A cycle is one complete series of values of a periodic quantity. These 

values repeat themselves at regular intervals. 

D 

Delay Time delay is when an interval of time occurs between cause and effect. 
Voltage delay, as in an a.v.c. system, is when a specified voltage has to be de- 
veloped before there is any effect. 

Demodulation A process by which the carrier frequency is removed, and the 
modulating frequencies retained. 

Denominator The part of a fraction below the fraction bar. 

Detection Demodulation by means of an asymmetrical conducting device. 

Dissipation Loss of electrical energy. 

Dissonance The disagreeable effect produced by certain intervals (in music). 

Dividend Number to be divided by divisor. 

Divisor Number by which the dividend is to be divided. 

Drain To take current from a voltage source. 

Driver A power amplifier stage which drives a Class B or other following stage 
requiring input power. 

Dynamic (1) Having a moving coil in a magnetic field. 

(2) When applied to a valve with signal voltage on the grid, usually with plate 
load in circuit. 

(3) " Dynamic characteristic " is the mutual characteristic when a (usually 
resistive) load is in the plate circuit. 
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E 

Effective current The value of alternating or varying current which produces the 

same heating effect as the same value of direct current. It is the same as r.m.s. 

current. 
Efficiency The ratio or percentage of output to input. 
Electromotive force That force which tends to cause an electric current to flow 

in a circuit. The practical unit is the volt. 
Empirical Obtained from experimental data. 
Envelope The envelope of a periodic wave is obtained by passing one smooth 

curve through the maximum, another through the minimum, points or peaks of 

the wave. 
Equation A mathematical equation is a statement that the terms to the left of the 

equal sign are equal to those on the right. 
Equivalent circuit A relatively simple circuit which may be used in calculations 

as having the same effect as the actual circuit. 
Excitation A signal voltage applied to the control electrode of a valve. 
Exponential curve The same as a logarithmic curve. See Chapter 6 Sect. 2(xvii) 

for exponential functions. 
Expression A mathematical expression is a combination of terms giving the value 

of some quantity. 

F 

Factor Any of the numbers whose product equals the given number. 

Factorial n Is the multiple product n{n — 1)(« — 2) . ... 3 x2 x 1. 

First detector The same as Converter. 

Frequency The number of cycles per second ; the reciprocal of the period. 

Frequency changer The same as Converter. 

Function A function is a quantity whose value depends on the value of a variable 

quantity. 
Fundamental frequency The lowest frequency of a number of harmonically 

related frequencies. 

G 

Generator A device which develops electrical voltage either direct or alternating 

at any frequency. 
Gramophone Also known as a Phonograph. 
Ground Earth, or conductor serving as the earth. 

H 

Hard valve A valve which has reverse grid current less than the specified maximum 
for its type. 

Harmonic frequency A frequency which is a multiple of the fundamental fre- 
quency. Twice fundamental frequency is called the second harmonic, etc. 

Hertz Cycles per second. 

High level A relative term indicating the level of the final stages of an amplifier. 

High-pass filter A filter which passes all frequencies above a critical value. 

Honeycomb winding A coil winding in which spaces are left between turns so 
as to give the appearance of a honeycomb. 

Hunting (of a rotary machine) An oscillation of angular velocity about a state of 
uniform rotation. 

I 

Integer A whole number, having no fraction or decimal portion 
Intensity The strength of a quantity such as current, voltage or pressure. 
Intermediate frequency A frequency to which the incoming signal is changed 

in superheterodyne reception, 
Intermodulation The modulation of the components of a complex wave by each 

other, in a non-linear system. 
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Layer winding A coil winding in which one layer is wound over another. 

Lead A connecting wire. 

Linear Having an input versus output characteristic which, when plotted on or- 
dinary graph paper, is a straight line. A distortionless amplifier is linear, be- 
cause its amplification is constant for all values of input voltage. 

Linear reflex detector (also called infinite input impedance detector) An anode- 
bend detector having its negative bias supplied from a high resistance cathode 
bias resistor which is by-passed for radio frequencies only. 

Line voltage The voltage of the power lines. Mains voltage. 

Load Any device which absorbs electrical power. 

Locus The path followed by a moving point. 

Loudness A subjective evaluation which is primarily a function of intensity but 
is strongly influenced by frequency. 

Low level A relative term indicating the level of the early stages of an amplifier 
(e.g. pre-amplifier). 

Low-pass filter A filter which passes all frequencies below a critical value. 

M 

Manual Adjusted by hand. 

Maximum signal Usually applied to the conditions under which the amplifier 
just reaches the point of " maximum undistorted power output." 

Maximum undistorted power output The maximum power output for a speci- 
fied distortion. 

Microphonic A valve or other component which amplifies sound waves or vibration 
sufficiently to produce a loud sound or continuous howl in the loudspeaker. 

Mirror image One curve is a mirror image of another when the first one, seen 
through a mirror, is identical with the second. 

Mixer The stage in a superheterodyne receiver in which the incoming signal is 
mixed with the voltage from a local oscillator to produce the intermediate fre- 
quency signal. Also a control which combines the output from a number of 
microphones in any desired proportion to the input of the main amplifier. 

Modulation The process by which the amplitude, frequency or phase of a carrier 
wave is modified in accordance with the characteristics of a signal. 

Monaural Hearing with one ear only. 

Motorboating Regeneration at low audio frequencies causing sounds like those 
of a motor boat. 

N 

Network An electrical circuit. See Chapter 4. 

Neutralization The process of balancing out an undesirable effect, such as re- 
generation. 

Node A point on a stationary wave system which has zero amplitude. 

Non-linear The opposite of linear. Distorted. 

Numerator The part of a fraction above the fraction bar. 

O 
Open circuit A circuit which is not complete and can therefore carry no current. 
Order " Of the order of" indicates " that the value is in the general vicinity of." 

The expression is looser than " approximately equal to." 
Output stage The final stage in an amplifier which supplies audio frequency power 

to a loudspeaker. Also known as power amplifier. 

P 

Parallel Conductors or components are in parallel when the current flowing in 
the circuit is divided between them. 

Parameter Where there are three variables, any one of them (called the para- 
meter) may be given a series of fixed values, and two dimensional curves may then 
be drawn to show the relationships between the remaining two variables. 

Penultimate Last but one. 
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Period The time for one complete cycle of values ; the reciprocal of the frequency. 

Phonograph Also known as a gramophone. 

Pitch A subjective observation of a musical sound, principally dependent on fre- 
quency but also affected by intensity. 

Polarity (1) electrical — a term applied to electrical apparatus when it is desired to 
indicate which terminal is positive and which is negative ; 
(2) magnetic — that quality of a body by virtue of which certain characteristic 
properties are manifested over certain regions of its surface, which are known as 
poles, and whose polarity is indicated by the term north or south pole. 

Potential The potential at a point is the potential difference between that point 
and earth. 

Potential difference The potential difference between two points is equal to the 
work done in transferring unit quantity of positive electricity from one point to 
the other. The practical unit is the volt. 

Power pack The power supply of a radio receiver or amplifier. It converts the 
available voltage to the values required by the plate, screen, and grid circuits. 

Q 
Q factor The ratio of reactance to resistance of a coil, condenser or resonant circuit. 
Quiescent Stationary. The quiescent operating point is that with instantaneous 

zero signal voltage. 

R 
Radial lead A lead at 90° to the axis. 
Radio frequency Any frequency at which electromagnetic radiation is used for 

telecommunication. 
Reciprocal of a number is 1 divided by the number. 
Rectification The process of converting an alternating current to unidirectional 

current by means of an asymmetrical conducting device. 
Ripple frequency The frequency of the a.c. component of a current when this 

component is small relative to the d.c. component. 
Roll-off A frequency response characteristic is said to have a roll-off when the 

attenuation at high or low frequencies has the same form as that of a single section 

low- or high-pass RC filter. The term is also used in a loose sense to cover any 

characteristic with gradually increasing attenuation at high or low frequencies, 

in distinction to a sharp cut-off. 

S 
Scalar Has magnitude and sign but no direction. 

Series Conductors or components are in series when traversed by the same current. 
Short circuit A low resistance connection, usually accidental, across part of a 

circuit, resulting in excessive current flow. 
Shunt Same as parallel. 
Sideband A band of frequencies within which lie the frequencies of the waves 

produced by modulation. 
Side frequency A frequency produced by modulation. 
Signal voltage The audio frequency voltage in an a-f amplifier ; the modulating 

voltage in an r-f or i-f amplifier, also applied to the whole modulated carrier 

voltage. 
Sinusoidal Having the form of a sine (or cosine) wave. 
u Small compared with " A vague term indicating that it may be neglected in a 

rough approximation, or that its square may be neglected with only a small 

error — say "less than one tenth of." 
Soft valve One which has reverse grid current in excess of the specified maximum 

for its type. 
Space current The same as cathode current. 
Steradian The solid angle subtended at the centre of a sphere by an area on its 

surface numerically equal to the square of the radius. The maximum possible 

value is 2n steradians. 
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Strain Is the deformation produced by an applied stress, for example change in 

length per unit length produced by a tensile stress. 
Stress is the deforming force per unit area. Examples are tensile stress, compressive 

stress and bending stress. 
Subharmonic A component of a complex wave having a frequency which is an 

integral sub-multiple of the basic frequency. Example : basic frequency 300 

c/s ; subharmonics 150, 100, 75, 60, 50 c/s. 
Subscript Printed below the line. For example the letter m in g m is a subscript. 
Superscript Printed above the line. For example the figure 2 in x 2 is a super- 
script. 

N.B. Q' is called " Q dash." 
Supersonic Air waves having frequencies above those which may be heard by the 

human ear. The preferred term is ultrasonic. 
Symmetrical Having the same characteristics for conduction in both directions. 

T 

Tap A connection at some point other than the ends. 

Term A portion of an expression which is separated from the other portions by 
+ or — signs. In a sequence, series or progression the terms may be separated 
by commas. 

Terminal A point to which electrical connections may be made. 

Tertiary Third. 

Tolerance The maximum permissible variation from an assigned value. 

Transducer A transducer is a device by means of which energy may flow from one 
or more transmission systems to one or more other transmission systems. The 
energy transmitted by these systems may be of any form (for example it ma y be 
electrical, mechanical or acoustical), and it may be of the same form or different 
forms in the various input and output systems (e.g. electro-acoustical). 
An electrical transducer is an electrical network by means of which energy 
may flow from one or more transmission systems to one or more other trans- 
mission systems ; in most cases it has two input and two output terminals. 
An electron-tube transducer is an electrical transducer containing one or 
more electron tubes (valves). Examples are an amplifier, and a frequency con- 
verter. 

Treble High audio frequencies. 

U 

Ultrasonic Air waves having frequencies above those which may be heard by the 
human ear. 

Unidirectional current Current which may change in value but never reverses 
its direction.' 

Unity The figure 1. 

V 

Variable A quantity whose value changes. 

Variational The variational slope of a curve at a point is the differential slope at 
that point. 

Vector A quantity having both magnitude and direction. 

*' Very small compared with " A vague term indicating that it may be neglected 
with only a small error — say " less than one twenty-fifth of." 

Voice coil Moving coil of a dynamic loudspeaker. 

W 
Work function The thermionic work function of a conductor is the definite amount 
of work which must be applied to release one electron. An electron must possess 
kinetic energy at least as great as the work function of the conductor to pass out 
through the surface. 

Z 
Zero signal Having no signal input voltage. 
See also 
" American Standard Definitions of Electrical Terms " A.S.A. C42-1941 (American 
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Institute of Electrical Engineers, New York). 
British Standard 204 : 1943 " Glossary of Terms used in Telecommunication " 

(British Standards Institution). 

Also Supplement No. 3 (1949) to BS204 : 1943 " Fundamental Radio Terms." 
British Standard 205 : 1943 " Glossary of Terms used in Electrical Engineering " 

(British Standards Institution). 

American I.R.E. Standards 

" Standards on electron tubes : Definitions of Terms, 1950," Proc. I.R.E. 38.4 
(April 1950) 426. 

38 IRE 6 SI Standards on Electroacoustics 1938. 
38 IRE 17 SI Standards on Radio Receivers 1938. 
50 IRE 24 SI Standards on Wave Propagation, 1950. 

(Proc. I.R.E. 38.11 November 1950 p. 1264). 
52 IRE 17 SI Standards on Receivers : Definitions of Terms, 1952. 

[Proc. I.R.E. 40.12 (Dec. 1952) 1681]. 



SECTION 16 : DECIMAL EQUIVALENTS OF FRACTIONS 

TABLE 58 : DECIMAL EQUIVALENTS OF FRACTIONS 



Fractions 


of an inch 


Decimal 


Fractions of 


an inch 


Decimal 




1/64 


0.0156 


1/2 




0.5000 


1/32 




0.0313 




33/64 


0.5156 




3/64 


0.0469 


17/32 




0.5313 


1/16 




0.0625 




35/64 


0.5469 




5/64 


0.0781 


9/16 




0.5265 


3/32 




0.0938 




37/64 


0.5781 




7/64 


0.1094 


19/32 




0.5938 


1/8 




0.1250 




39/64 


0.6094 




9/64 


0.1406 


5/8 




0.6250 


5/32 




0.1563 




41/64 


0.6406 




11/64 


0.1719 


21/32 




0.6563 


3/16 




0.1875 




43/64 


0.6719 




13/64 


0.2031 


11/16 




0.6875 


7/32 




0.2188 




45/64 


0.7031 




15/64 


0.2344 


23/32 




0.7188 


1/4 




0.2500 




47/64 


0.7344 




17/64 


0.2656 


3/4 




0.7500 


9/32 




0.2813 




49/64 


0.7656 




19/64 


0.2969 


25/32 




0.7813 


5/16 




0.3125 




51/64 


0.7969 




21/64 


0.3281 


13/16 




0.8125 


11/32 




0.3438 




53/64 


0.8281 




23/64 


0.3594 


27/32 




0.8438 


3/8 




0.3750 




55/64 


0.8594 




25/64 


0.3906 


7/8 




0.8750 


13/32 




0.4063 




57/64 


0.8906 




27/64 


0.4219 


29/32 




0.9063 


7/16 




0.4375 




59/64 


0.9219 




29/64 


0.4531 


15/16 




0.9375 


15/32 




0.4688 




61/64 


0.9531 




11 l£.A 

_>x/ w 




ii /on 


63/64 


0.9688 
0.9844 
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SECTION 17 : MULTIPLES AND SUB-MULTIPLES 

TABLE 59 : MULTIPLES AND SUB-MULTIPLES 



Multiply reading in 


by 


to obtain reading in 


Amperes 


1 000 000 000 000 


micromicroamperes 


Amperes 


1000 000 




microamperes 


Amperes 


1000 




milliamperes 


Farads 


1 000 000 000 000 


micromicrofarads 


Farads 


1000 000 




microfarads 


Farads 


1000 




millifarads 


Henrys 


1000 000 




microhenrys 


Henrys 


1000 




millihenrys 


Volts 


1000 000 




microvolts 


Volts 


1000 




millivolts 


Mhos 


1 000 000 




micromhos 


Mhos 


1000 




millimhos 


Watts 


1000 




milliwatts 


Cycles per second 


0.000 001 




megacycles per second 


Cycles per second 


0.001 




kilocycles per second 


Microamperes 


0.000 001 




amperes 


Milliamperes 


0.001 




amperes 


Micromicrofarads \ 


0,000 000 000 001 


farads 


Picofarads J 








Microfarads 


0.000 001 




farads 


Millifarads 


0.001 




farads 


Microhenrys 


0.000 001 




henrys 


Microvolts 


0.000 001 




volts 


Millivolts 


0.001 




volts 


Micromhos 


0.000 001 




mhos 


Millimhos 


0.001 




mhos 


Milliwatts 


0.001 




watts 


Kilowatts 


1000 




watts 


Megacycles per second 


1000 000 




cycles per second 


Kilocycles per second 


1000 




cycles per second 


Megohms 


1000 000 




ohms 
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SECTION 18 : NUMERICAL VALUES AND FACTORIALS 

(0 Numerical values (ii) Factorials. 

(i) Numerical values 

TABLE 60 





Numeric 


Reciprocal 






More' 




More 




Approx. 


accurately 


Approx. 


accurately 


IT 


3.1416 


3.141 593 


0.318 3 


0.318 309 9 


2n 


6.2832 


6.283 185 


0.159 21 


0.159 156 


3n 


9.4248 


9.424 778 


0.106 1 


0.106 103 


4ir 


12.566 


12.566 371 


0.0796 


0.079 577 4 


5tt 


15.708 


15.707 963 


0637 


0.063 662 


rr/2 


1.5708 


1.570 796 


0.6366 


0.636 620 


17/3 


1.0472 


1.047 198 


0.9549 


0.954 930 


it/A 


0.7854 


0.785 398 


1.273 


1.273 23 


ir/6 


0.5236 


0.523 598 


1.910 


1.909 86 


7T« 


9.8696 


9.869 604 


0.1013 


0.101 321 


(2»)» 


39.4784 


39.478414 


0.0253 


0.025 330 3 


it* 


31.0062 


31.006 277 


0.0322 


0.032 252 


y/w 


1.7725 


1.772 454 


0.5642 


0.564 190 


VW2 


1.2533 


1.253 31 


0.7979 


0.797 887 


V7 


1.4646 


1.464592 


0.6818 


0.681 784 


log 10 w 


0.4971 


0.497 150 


2.011 


2.011 46 


log, ff/2 


0.1961 


0.196 120 


5.099 


5.098 92 


log»w*_ 


0.9943 


0.994300 


1.006 


1.005 73 


lQgi»V" 


0.2486 


0.248 575 


4.023 


4.022 93 


€ 


2.718 


2.718282 


0.3679 


0.367 879 


€« 


7.389 


7.389 057 


0.1353 


0.135 335 


v7 


1.649 


1.648 721 


0.6065 


0.606 531 


Iogl « 


0.4343 


0.434 294 


2.3026 


2.302 585 


V2 


1.414 


1.4142 


0.7071 


0.707113 5 


VT 


1.732 


1.7321 


0.5773 


0.577 334 2 


vT 


2.236 


22361 


0.4472 


0.447 206 


^T 


1.260 


1.2599 


0.7939 


0.793 873 


$r 


1.442 


1.4422 


0.6933 


0.693 385 


#4 


1.587 


1.5874 


0.6300 


0.629 960 


$5 


1.710 


1.7100 


0.5848 


0.584 79 
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(ii) FACTORIALS 



TABLE 61 



1407 



n 


«! = 1.2.3 ..'..» 


l/iil 


1 


1 


1 


2 


2 


0.5 


3 


6 


0.166 667 


4 


24 


0.416 667 x lO" 1 


5 


120 


0.833 333 x 10~ 2 


6 


720 


0.138 889 X 10- 1 


7 


5040 


0.198 413 X lO" 3 


8 


40 320 


0.248 016 X lO" 4 


9 


362 880 


0.275 573 X 10~ 5 


10 


3 628 800 


0.275 573 X 10~ 8 
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SECTION 19 : WIRE TABLES* 

TABLE 62 
Bare Copper Wire, A.W.G. (20° C. = 68° F.) 





Dia- 


Area 


Area 


Ohms 


Ohms 


Feet 


Pounds 


AWG 


meter 


Circular 


Square 


per 1000 


per 


per 


per 1000 


No. 


Mils 


Mils 


Inches 


Feet 


Pound 


Pound 


Feet 


0000 


460 


211 600 


.166 2 


.04901 


.000 076 52 


1.561 


640.5 


000 


410 


167 800 


.1318 


.06180 


.000 121 7 


1.968 


507.9 


00 


364.8 


133 100 


.104 5 


.07793 


.000 193 5 


2.482 


402.8 





324.9 


105 500 


.082 89 


.09827 


.000 3076 


3.130 


319.5 


1 


289.3 


83 700 


.065 73 


.1239 


.000 4891 


3.947 


253.3 


2 


257.6 


66 400 


.052 13 


.1563 


.000 777 8 


4.977 


200.9 


3 


229.4 


52 600 


.04134 


.1970 


.001 237 


6.276 


159.3 


4 


204.3 


41700 


.032 78 


.2485 


.001966 


7.914 


126.4 


5 


181.9 


33 100 


.02600 


.3133 


.003 127 


9.980 


100.2 


6 


162.0 


26 250 


.020 62 


.3951 


.004 972 


12.58 


79.46 


7 


144.3 


20 820 


.016 35 


.4982 


.007 905 


15.87 


63.02 


8 


128.5 


16 510 


.012 97 


.6282 


.012 57 


20.0! 


49.98 


9 


114.4 


13 090 


.01028 


.7921 


.019 99 


25.23 


39.63 


10 


101.9 


10 380 


.008 155 


.9989 


.031 78 


31.82 


31.43 


11 


90.7 


8 230 


.006 467 


1.260 


.050 53 


40.12 


24.92 


12 


80.8 


6 530 


.005129 


1.588 


.080 35 


50.59 


19.77 


13 


72.0 


5 180 


.004067 


2.003 


.1278 


63.80 


15.68 


14 


64.1 


4 110 


.003225 


2.525 


.2032 


80.44 


12.43 


15 


57.1 


3 257 


.002 558 


3.184 


.3230 


101.4 


9.858 


16 


50.8 


2 583 


.002028 


4.016 


,5136 


127.9 


7.818 


17 


45.3 


2048 


.001609 


5.064 


.8167 


161.3 


6.200 


18 


40.3 


1624 


.001 276 


6.385 


1.299 


203.4 


4.917 


19 


35.89 


1 288 


.001 012 


8.051 


2.065 


256.5 


3.899 


20 


31.96 


1022 


.000802 3 


10.15 


3.283 


323.4 


3.092 


21 


28.46 


810 


.000 636 3 


12.80 


5.221 


407.8 


2.452 


22 


25.35 


642 


.000 504 6 


16.14 


8.301 


514.2 


1.945 


23 


22.57 


509 


.000400 2 


20.36 


13.20 


648.4 


1.542 


24 


20.10 


404 


.000 317 3 


25.67 


20.99 


817.7 


1.223 


25 


17.90 


320.4 


.0002517 


32.37 


33.37 


1 031.0 


0.9699 


26 


15.94 


254.1 


.000 199 6 


40.81 


53.06 


1300 


0.7692 


27 


14.20 


201.5 


.000 158 3 


51.47 


84.37 


1639 


0.6100 


28 


12.64 


159.8 


.000 125 5 


64.90 


134.2 


2 067 


0.4837 


29 


11.26 


126.7 


.000 099 53 


81.83 


213.3 


2607 


0.3836 


30 


10.03 


100.5 


.000 078 94 


103.2 


339.2 


3 287 


0.3042 


31 


8.928 


79.70 


.000 062 60 


130.1 


539.3 


4 145 


0.2413 


32 


7.950 


63.21 


.000 049 64 


164.1 


857.6 


5 227 


0.1913 


33 


7.080 


50.13 


.000039 37 


206.9 


1 364.0 


6 591 


0.1517 


34 


6.305 


39.75 


.000031 22 


260.9 


2 168 


8 310 


0.1203 


35 


5.615 


31.52 


.000024 76 


329.0 


3448 


10 480 


0.095 42 


36 


5.000 


25.00 


.000019 64 


414.8 


5 482 


13 210 


.075 68 


37 


4.453 


19.83 


.000015 57 


532.1 


8 717 


16 660 


.06001 


38 


3.965 


15.72 


.000 012 35 


659.6 


13 860 


21010 


.047 59 


39 


3.531 


12.47 


.000009 793 


831.8 


22 040 


26 500 


.037 74 


40 


3.145 


9.888 


.000 007 766 


1049.0 


35 040 


33 410 


.029 93 


(41) 


2.75 


7.5625 


.000005 940 


1370 


59 990 


43700 


.02289 


(42) 


2.50 


6.2500 


.000004 909 


1660 


87 700 


52 800 


.01392 


(43) 


2.25 


5.0625 


.000 003 976 


2 050 


133 700 


65 300 


.015 32 


(44) 


2.00 


4.0000 


.000003 142 


2600 


214 000 


82 600 


.01211 


(45) 


1.75 


3.0625 


.000002 405 


3 390 


356 200 


107 900 


.009 27 


(46) 


1.50 


2.2500 


.000001767 


4 610 


676 800 


146 800 


.006 81 



*See also A. F. Maine " Rapid coil calculations for magnetic devices : 
1952) 403 for nomographs. 
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Table 63 
Bare Copper Wire S.W.G. (60° F) 





Dia- 


Area 


Area 


Ohms 


Ohms 


Feet 


Pounds 


SWG 


meter 


Circular 


Square 


per 1000 


per 


per 


per 1000 


No. 


Mils. 


Mils. 


Inches 


Feet 


Pound 


Pound 


Feet 


4/0 


400 


160 000 


.125 66 


.06368 


.000 131 46 


2.064 


484.4 


3/0 


372 


138 400 


.108 69 


.0736 


.000 175 74 


2.390 


418.9 


2/0 


348 


121 100 


.09511 


.0841 


.000 229 5 


2.730 


366.7 


1/0 


324 


105 000 


.082 45 


.0971 


.000 305 4 


3.147 


317.8 


1 


300 


90 000 


.07069 


.1132 


.000 415 5 


3.670 


272.5 


"2 


276 


76 180 


.05983 


.1338 


.000 580 


4.338 


230.6 


3 


252 


63 500 


.04988 


.1605 


.000 834 5 


5.200 


192.3 


4 


232 


53 820 


.042 27 


.1893 


.001 161 7 


6.139 


162.9 


5 


212 


44 940 


.035 30 


.2267 


.001 666 1 


7.348 


136.1 


6 


192 


36 860 


.02895 


.2764 


.002 476 


8.961 


111.6 


7 


176 


30 980 


.02433 


.3289 


.003 507 


10.66 


93.8 


8 


160 


25600 


.02011 


.3980 


.005 135 


12.90 


77.5 


9 


144 


20 740 


.016286 


.4914 


.007 827 


15.93 


62.78 


10 


128 


16 380 


.012868 


.6219 


.012 537 


20.16 


49.61 


11 


116 


13 460 


.010 568 


.7570 


.018 587 


24.55 


40.74 


12 


104 


10 820 


.008 495 


.942 


.028 77 


30.54 


3275 


13 


92 


8464 


.006 648 


1.204 


.046 98 


39.01 


25.63 


14 


80 


6400 


.005 027 


1.592 


.082 16 


51.60 


19.38 


15 


72 


5 184 


.004072 


1.966 


.125 23 


63.73 


15.69 


16 


64 


4096 


.003 217 


2.488 


.2006 


80.65 


12.40 


17 


56 


3 136 


.002463 


3.249 


.3422 


105.4 


9.49 


18 


48 


2304 


.0018096 


4.422 


.6340 


143.3 


6.98 


19 


40 


1600 


.0012566 


6.368 


1.3146 


206.4 


4.844 


20 


36 


1296 


.001 017 9 


7.860 


2.004 


254.8 


3.924 


21 


32 


1024 


.0008042 


9.950 


3.209 


322.6 


3.100 


22 


28 


784 


.000 6158 


12.997 


5.475 


421.2 


2.374 


23 


24 


576 


.0004524 


17.69 


10.144 


573.4 


1.744 


24 


22 


484 


.000 3801 


21.05 


14.366 


682.6 


1.465 


25 


20 


400 


.000 3142 


25.47 


21.03 


825.8 


1211 


26 


18 


324 


.000 2545 


31.45 


32.06 


1019 


0.981 


27 


16.4 


269 


.0002112 


37.88 


46.52 


1229 


0.814 


28 


14.8 


219 


.00017203 


46.52 


70.14 


1508 


0.6632 


29 


13.6 


185 


.000 145 27 


55.09 


98.37 


1786 


0.5600 


30 


12.4 


153.8 


.000 120 76 


66.27 


142.35 


2 148 


0.4655 


31 


11.6 


134.6 


.000105 68 


75.7 


185.87 


2 455 


0.4074 


32 


10.8 


116.6 


.00009161 


87.4 


247.4 


2 832 


0.3531 


33 


10.0 


100.0 


.000078 54 


101.9 


336.5 


3302 


0.3028 


34 


9.2 


84.64 


.00006648 


120.4 


469.8 


3 901 


0.2563 


35 


8.4 


70.56 


.00005542 


144.4 


676.0 


4 682 


0.2136 


36 


7.6 


57.76 


.000045 36 


176.4 


1008.7 


5 718 


0.1749 


37 


6.8 


46.24 


.000036 32 


220.4 


1574 


7 143 


0.1400 


38 


6.0 


36.00 


.00002827 


283.0 


2 596 


9 174 


0.1090 


39 


5.2 


27.04 


.00002124 


376.8 


4 603 


12 210 


0.0819 


40 


4.8 


23.04 


.000018096 


442.2 


6340 


14 330 


0.0698 


41 


4.4 


19.36 


.000015 205 


526.3 


8 979 


17 060 


0.058 62 


42 


4.0 


16.00 


.000012 566 


636.8 


13 146 


20 640 


.04844 


43 


3.6 


12.96 


.000010179 


786.3 


20 040 


25 480 


.039 24 


44 


3.2 


9.734 


.000008042 


995.0 


32 090 


32 260 


.03100 


45 


2.8 


7.840 


.000006158 


1299.7 


54750 


42 120 


.023 74 


46 


2.4 


5.760 


.000004 524 


1769 


101440 


57 340 


.017 44 


47 


2.0 


4.000 


.000003142 


2 547 


210 300 


82 580 


.012 11 


48 


1.6 


2.560 


.000002011 


3 980 


513 500 


129 000 


.007 75 


49 


1.2 


1.440 


.000001131 


7077 


1623 000 


229 400 


.00436 


50 


1.0 


1.000 


.000000 785 4 


10190 


3 365 000 


303 000 


.00303 
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TABLE 64 

TURNS PER INCH AND INSULATED WIRE DIAMETER A.W.G. 

COPPER WIRE 





Diameter (mils) 


Turns per 


inch (exact winding) 




AWG 


































No. 


♦Enarn. 


D.C.C. 


Bare 


Enam. 


S.C.C. 


D.C.C. 


S.S.C. 


D.S.C. 


8 


130.6 


142.5 


7.78 


7.65 


7.32 


7.01 





— 


9 


116.5 


126.4 


8.74 


8.58 


8.23 


7.91 


— 


— 


10 


104.0 


112.9 


9.81 


9.61 


9.26 


8.85 


— 


— 


11 


92.7 


100.2 


11.02 


10.7 


10.4 


9.98 


— 


— 


12 


82.8 


90.3 


12.37 


12.0 


11.6 


11.07 


— 


— 


13 


74.0 


81.5 


13.89 


13.5 


12.9 


12 27 


— 


— 


14 


66.1 


73.6 


15.60 


15.1 


14.4 


13.59 


— 


— 


15 


59.1 


66.6 


17.52 


16.9 


16.1 


15.0 


— 


— 


16 


52.8 


60.3 


19.68 


18.9 


17.9 


16.5 


18.9 


18.2 


17 


47.1 


54.8 


22.1 


21.2 


19.8 


18.2 


21.1 


20.2 • 


18 


42.1 


49.8 


24.8 


23.7 


22.0 


20 


23.6 


22.5 


19 


37.7 


45.4 


27.8 


26.5 


24.4 


22.0 


26.3 


25.0 


20 


33.8 


41.5 


31.3 


29.5 


27.0 


24.1 


29.4 


27.7 


21 


30.2 


38.0 


35.1 


33.1 


29.8 


26.3 


32.7 


30.7 


22 


27.0 


33.8 


39.4 


37.0 


33.5 


29.5 


36.6 


34.1 


23 


24.1 


31.1 


44.3 


41.4 


36.9 


32.1 


40.6 


37.5 


24 


21.5 


28.6 


49.7 


46.5 


40.6 


34.9 


45.2 


41.4 


25 


192 


26.4 


55.8 


52.0 


44.6 


37.8 


50.0 


45.6 


26 


17.1 


24.4 


62.7 


58.4 


49.0 


40.9 


55.8 


50.0 


27 


15.3 


22.7 


70.4 


65.3 


53.4 


44.0 


61.7 


54.9 


28 


13.6 


21.1 


82.8 


73.5 


58.4 


47.3 


68.4 


60.2 


29 


12.2 


19.8 


88.8 


81.9 


63.2 


50.5 


75.1 


65.3 


30 


10.8 


18.5 


99.7 


92.5 


68.9 


54.0 


83.3 


71.4 


31 


9.7 


17.4 


112.0 


103 


74.6 


57.4 


91.7 


77.5 


32 


8.7 


16.5 


125.8 


114 


80.0 


60.6 


100 


83.3 


33 


7.7 


15.6 


141.2 


129 


86.2 


64.1 


109 


90.0 


34 


6.9 


14.8 


158.6 


144 


92.5 


67.5 


120 


97.0 


35 


6.2 


14.1 


178 


161 


99.9 


70.9 


131 


104 


36 


5.5 


13.0 


200 


181 


111 


76.9 


142 


111 


37 


4.9 


12.5 


224 


204 


117 


80.0 


153 


117 


38 


4.4 


12.0 


252 


227 


125 


83.3 


166 


125 


39 


3.9 


11.5 


283 


256 


133 


86.9 


181 


133 


40 


3.5 


11.1 


318 


285 


140 


90.0 


196 


140 


(41) 


3.05 


— 


363 


327 


— 


— 


— 





(42) 


2.64 


— 


400 


378 


— 


— 


->- 


— 


(43) 


2.37 


— 


444 


421 


— 


— 


— 


— 


(44) 


2.12 


— 


500 


471 


— 


— 


— 


— 


(45) 


1.91 


— 


571 


523 


— 


— 


— 


— 


(46) 


1.72 


— 


666 


581 


— 


— 


— 


— 



•Nominal Value. Actual dimensions vary slightly. 
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TABLE 65 

TURNS PER INCH AND INSULATED WIRE DIAMETER, S.W.G. 
COPPER WIRE 





Diameter (mils) 


Turns per 


inch (exact winding) 




SWG 

No. 


















*Enam. 


D.C.C. 


Bare 


Enam. 


S.C.C. 


D.C.C. 


s.s.c. 


D.S.C. 


10 


132 


142 


7.81 


7.63 


7.35 


7.04 


— 


— 


*11 


120 


130 


8.62 


8.33 


8.07 


7.69 


— 


— 


12 


108 


118 


9.62 


9.26 


8.93 


8.48 


— 


— 


13 


96 


106 


10.87 


10.42 


10.00 


9.43 


— 


— 


14 


84 


94 


12.50 


11.90 


11.36 


10.64 


— 


— 


15 


75.5 


84 


13.89 


13.25 


12.66 


11.90 


— ' 


— 


16 


67.5 


76 


15.63 


14.81 


14.08 


13.16 


14.93 


14.71 


17 


59 


68 


17.86 


16.95 


15.87 


14.71 


16.95 


16.67 


18 


50.7 


59 


20.83 


19.72 


18.18 


16.95 


20.00 


19.61 


19 


42.6 


51 


25.00 


23.47 


21.28 


19.61 


23.81 


23.26 


20 


38.5 


47 


27.78 


25.97 


23.81 


21.28 


26.32 


25.64 


21 


34.3 


43 


31.25 


29.15 


26.32 


23.26 


29.41 


28.57 


22 


30.0 


39 


35.71 


33.33 


29.41 


25.64 


33.33 


32.26 


23 


25.7 


34 


41.67 


38.91 


34.48 


29.41 


38.46 


in r\A 
Jl v-x 


24 


23.6 


32 


45.45 


42.37 


37.04 


31.25 


42.55 


40.00 


25 


21.5 


30 


50.00 


46.51 


40.00 


33.33 


46.51 


43.48 


26 


19.4 


28 


55.56 


' 51.55 


43.48 


35.71 


51.81 


48.78 


27 


17.7 


26.4 


60.98 


56.50 


46.73 


37.88 


56.50 


52.91 


28 


16.0 


24.8 


67.57 


62.50 


50.51 


40.32 


62.11 


57.80 


29 


14.8 


23.6 


73.53 


67.57 


53.76 


42.37 


67.11 


62.11 


30 


13.4 


22.4 


80.65 


74.63 


57.47 


44.64 


72.99 


67.11 


31 


12.6 


21.6 


86.21 


79.37 


60.24 


46.30 


77.52 


70.92 


32 


117 


20.8 


92.59 


85.47 


63.29 


48.08 


82.64 


75.19 


33 


10.9 


20.0 


100.00 


91.74 


66.67 


50.00 


88.50 


80.00 


34 


10.0 


19.2 


108.7 


100.0 


70.42 


52.08 


95.24 


85.47 


35 


9.1 


17.4 


119.0 


109.9 


80.65 


57.47 


103.1 


91.74 


36 


8.3 


16.6 


131.6 


120.5 


86.21 


60.24 


112.4 


99.01 


37 


7.4 


15.8 


147.1 


135.1 


99.21 


63.29 


123.5 


107.5 


38 


6.6 


15.0 


166.7 


151.5 


100.0 


66.67 


137.0 


117.6 


39 


5.7 


14.2 


192.3 


175.4 


108.7 


70.42 


153.8 


129.9 


40 


5.3 


13.8 


208.3 


188.7 


113.6 


72.46 


163.9 


137.0 


41 


4.8 


— 


227.3 


208.3 


— 


• — 


178.6 


151.5 


42 


4.4 


— 


250.0 


227.3 


— 


— 


192.3 


161.3 


43 


3.9 


— 


277.8 


256.4 


— 


— 


208.3 


172.4 


44 


3.5 


— 


312.5 


285.7 


— 


— 


227.3 


185.2 


45 


3.1 


— 


357.1 


322.6 


— 


— 


250.0 


200.0 


46 


2.65 





416.7 


377.4 








277.8 


217.4 


47 


2.25 


— 


500.0 


444.4 


— 


— 


312.5 


238.1 


48 


~ 




"" 













•Nominal Value. Actual dimensions vary slightly. 
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MULTI-LAYER COIL WINDING AND WEIGHT OF INSULATED WIRE, 

A.W.G. 

COPPER WIRE 



AWG 

No. 


Enamelled 


D.C.C. 


Weight— lbs. per 1000ft. 


Turns 
per 

square 
inch* 


Ohms 

per 

cubic 

inch* 


Turns per 

square inch 

layer 

insulated 


Turns 

per 

square 

inch* 


Ohms 

per 

cubic 

inch* 


Enam. 


D.C.C. 


D.S.C. 


8 

9 

10 


57 
72 
90 


.003 15 
.00475 
.00748 


Paper insulated each layer. 
20% allowance for waste space at ends of 
layers. 


48 
59 
76 


.002 65 
.003 88 
.006 31 


50.55 
40.15 
31.80 


51.15 
40.60 
32.18 




11 
12 
13 
14 
15 


113 
141 

177 
221 
277 


.01183 
.018 78 
.029 5 
.046 4 
.073 4 


93 
114 
140 
171 
208 


.009 74 
.01519 
.023 3 
.0359 
.0551 


25.25 
20.05 
15.90 
12.60 
10.00 


25.60 
20.40 
16.20 
12.91 
10.33 




16 
17 
18 
19 
20 


348 
437 
548 
681 
852 


.1162 
.1840 
.2910 
.456 
.7200 


260 
316 
378 
455 
545 


.086 9 
.1331 
.2008 
.304 8 
.460 5 


7.930 
6.275 
4.980 
3.955 
3.135 


8.210 
6.540 
5.235 
4.220 
3.373 


7.955 
6.315 
5.015 
3.990 
3.173 


21 
22 
23 
24 
25 


1065 
1340 

1 665 

2 100 
2 630 


1.134 
1.800 
2.820 
4.488 
7.080 


650 

865 

1030 

1215 

1420 


.6920 
1.162 
1.774 
2.596 
3.822 


2.490 
1.970 
1.565 
1.245 
.988 


2.685 
2.168 
1.727 
1.398 
1.129 


2.520 
2.006 
1.593 
1.272 
1.018 


1420 

m 1 750 
u 


26 
27 
28 
29 
30 


3 320 

4 145 

5 250 

6 510 
8 175 


11.27 
17.75 
28.34 
44.32 
70.15 


a 2 030 
d 2 620 
E 3 250 
* 3 920 
4 780 


1690 
1945 
2 250 
2 560 
2 930 


5.740 
8.330 
12.15 
17.30 
25.15 


.7845 
.6220 
.4940 
.3915 
.3105 


.9140 
.7560 
.6075 
.4890 
.3955 


.8100 
.6450 
.5140 
.4130 
.3330 


31 
32 
33 
34 
35 


10 200 
12 650 
16 200 
19 950 
25 000 


110.4 
127.6 
279.0 
433.2 
684.5 


S3 6 780 
§* 8 250 
. 10 600 
g 12 400 
^ 15 200 


3 330 

3 720 
4140 

4 595 

5 070 


36.05 
50.76 
71.30 
99.77 
138.7 


.2465 
.1960 
.1550 
.1230 
.0980 


.3257 
.2700 
.2270 
.1928 
.1600 


.2678 
.2170 
.1750 
.1412 
.1130 


36 
37 
38 
39 
40 


31700 
39 600 
49 100 
62 600 
77 600 


1094 
1723 
2 693 
4 332 
6 770 


b 21 500 
| 26 300 
* 32 000 
*g 40 000 

rt 48 400 


5 550 

6 045 
6 510 

6 935 

7 450 


191.6 

263 

357 

480 

650 


.0776 
.0616 
.0488 
.0387 
.0307 


.1361 
.1204 
.1049 
.0937 
.0838 


.0920 
.0740 
.0623 
.0504 
.0429 









♦For exact winding with no allowance for space factor. 
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TABLE 67 

MULTI-LAYER COIL WINDING AND WEIGHT OF INSULATED WIRE, 

S.W.G. 
COPPER WIRE 







Enamelled 


D.C.C. 


Weight 


—lbs. per 1000ft. 


SWG 

No. 






■ 












Turns 


Ohms 


Turns per 


Turns 


Ohms 










per 


per 


square inch 


per 


per 


Enam. 


D.C.C. 


D.S.C. 




square 


cubic 


layer 


square 


cubic 










inch* 
58.22 


inch* 


insulated 


inch* 
49.56 
59.14 


inch* 








10 


.002 95 


<u 


.00256 


47.77 


50.77 
41.83 




11 


69.39 


.00437 


.003 73 


44.40 




12 


85.75 


.006 73 




71.91 


.005 65 


33.04 


33.71 




13 


108.6 


.0109 


u M 


88.92 


.008 93 


25.89 


26.50 




14 


141.6 


.0189 


1 £ 


113.2 


.0150 


19.60 


20.12 




15 


175.6 


.0287 
.0456 


* * 
O 

8 o E 


141.6 


.0234 


15.87 
12.56 


16.36 




16 


219.3 


173.2 


.0358 


12.67 


12.56 


17 


287.3 


.0776 


« <SS) 


216.4 


.0585 


9.607 


10.03 


9.640 


18 


388.9 


.1431 


1 oJ3 


287.3 


.1055 


7.060 


7.43 


7.093 


19 


550.8 


.290 




384.6 


.204 


4.910 


5.262 


4.945 


20 


674.4 


.440 


.5 3 T3 


452.8 
541.0 


.296 


3.987 


4.267 


4.011 


21 


849.7 


.705 


.448 


3.152 


3.409 


3.181 


22 


I 109 


1.200 


a o^ 


657.4 


T1 /\ 


^.117 




1 AAC. 


23 


1513 
1789 


2.23 
3.14 


fin n 


864.9 
976.6 


1.26 
1.71 


1.779 
1.498 


1.918 
1.667 


1.807 


24 


1220 
1460 


1.305 


25 


2162 


4.58 


1109 
1274 


2.35 


1.241 


1.392 


1.247 


26 


2 663 


6.95 


g, 1760 


3.33 


1.008 


1.152 


1.013 


27 


3192 


10.05 


g, 2 080 


1436 


4,51 


.836 


.977 


.844 


28 


3 906 


15.18 


_, 2 500 


1624 


6.28 


.683 


.811 


.689 


29 


4 570 


20.9 


g 2 870 


1798 


8.23 


.578 


.699 


.582 


30 


5 565 


30.7 


« 3430 


1989 


10.98 


.478 


.604 


.486 


31 


6304 


39.8 


3 840 


2144 


13.45 


.419 


.524 


.428 


32 


7 310 

8 409 


53.1 
71.2 


4 360 


2 314 
2 500 


16.83 
21.15 


.364 
.313 


.467 
.412 


.371 


33 


u 5 680 


.329 


34 


10000 


100.5 


a 6 670 


2 714 


27.3 


.264 


.328 


.271 


35 


12080 


145 


8. . 7 920 


3 306 


39.3 


.221 


.317 


.288 


36 


14 520 


212 


d 9 360 


3 624 


53.1 


.181 


.238 


.188 


37 


18 220 


336 


B 11400 


4007 


73.5 


.146 


.207 


.151 


38 


22 950 
30 770 


544 
965 


N 14 100 


4436 
4 956 


104.5 
155.0 . 


.114 
.0854 


.169 
.138 


.119 


39 


8 20 900 


.0868 


40 


35 610 


1310 


§« 24 000 
a 28 800 


5 256 


193.5 


.0726 


.123 


.0791 


41 


43 390 


1905 






.0608 




.0677 


42 


51620 


2 740 


3 33 700 






.0505 




.0571 


43 


65 740 


4300 


6 41800 






.0408 




.0473 


44 


81620 
104 300 


6 760 
11250 


*- 50 800 






.0324 
.0249 




.0386 


45 




.0309 


46 


142100 


21000 






.0182 




.0231 


47 


197 100 


41700 








.0126 




.0172 


48 



















♦For exact winding with no allowance for space factor 
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TABLE 68 

RESISTANCE WIRE TABLE, A.W.G. 

20° C. (68° F.) 









Advance Wire 


Nichrome Wire** 


AWG 

No. 


Dia. 
mils. 














Ohms 


Lbs. 


Feet 


Current 


Ohms 


Lbs. per 


Current 






per 1,000 


per 1,000 


per 


Milli 


per 1,000 


1,000 


Milli 






feet 


feet 


Ohm 


Amps* 


feet 


feet 


Ampsf 


8 


128 


17.9 


50 


55.9 


— 


40.8 


45 


— 


9 


114 


22.6 


39 


44.2 


— 


51.9 


36 


— 


10 


102 


28.0 


32 


35.7 


— 


64.9 


29 


— 


11 


91 


35.5 


25 


28.2 


— 


81.5 


23 


■ — 


12 


81 


44.8 


20 


22.3 


— 


102 


18 


— . 


13 


72 


56.7 


15.7 


17.6 


■ — 


130 


14 


— 


14 


64 


71.7 


12.4 


13.9 


— 


164 


11 


— 


15 


57 


90.4 


9.8 


11.1 


— 


207 


9.2 


— 


16 


51 


113 


7.8 


8.85 


— 


259 


7.2 


— 


17 


45 


145 


6.2 


6.90 


— 


333 


5.6 


— 


18 


40 


184 


4.9 


5.44 


800 


421 


4.42 


— 


19 


36 


226 


3.9 


4.43 


650 


520 


3.58 


— 


20 


32 


287 


3.1 


3.48 


522 


659 


2.83 


— 


21 


28.5 


362 


2.5 


2.76 


420 


831 


2.24 


— 


22 


25.3 


460 


1.9 


2.17 


335 


1055 


1.77 


— 


23 


22.6 


575 


1.5 


1.74 


273 


1321 


1.41 


— 


24 


20.1 


728 


1.2 


1.37 


220 


1670 


1.12 


460 


25 


17.9 


919 


.97 


1.09 


178 


2106 


.89 


390 


26 


15.9 


1162 


.77 


.861 


144 


2669 


.70 


330 


27 


14.2 


1455 


.61 


.687 


117 


3 347 


.56 


278 


28 


12.6 


1850 


.48 


.541 


95 


4251 


.44 


228 


29 


11.3 


2300 


.38 


.435 


78 


5 286 


.35 


196 


30 


10.0 


2940 


.30 


.340 


63 


6 750 


.276 


165 


31 


8.9 


3680 


.24 


.272 


52 


8521 


.199 


158 


32 


8.0 


4600 


.19 


.217 


43 


10546 


.177 


117 


33 


7.1 


5830 


.15 


.172 


36 


13390 


.139 


97 


34 


6.3 


7400 


.12 


.135 


29 


17006 


.110 


82 


35 


5.6 


9360 


.095 


.107 


24 


21524 


.087 


69 


36 


5.0 


11760 


.076 


.085 


20 


27000 


.069 


58 


37 


4.5 


14550 


.060 


.0687 


17 


33333 


.056 


49 


38 


4.0 


18 375 


.047 


.0544 


14.5 


42187 


.045 


41 


39 


3.5 


24100 


.038 


.0415 


12 


55102 


.034 


34 


40 


3.1 


30 593 


.028 


.0327 


10 


70239 


.025 


28 


(41) 


2.75 


38 888 


.0229 


0257 


8.5 


89 256 


.0209 


24 


(42) 


2.5 


46400 


.0189 


.0215 


7.5 


108000 


.0173 


20.5 


(43) 


2.25 


58103 


.0153 


.0172 


6.8 


133 333 


.0140 


17.5 


(44) 


2.0 


73500 


.0121 


.0136 


6.0 


168 750 


.0110 


14.5 


(45) 


1.75 


96 078 


.0092 


.0104 


5.0 


220 408 


.0084 


12.0 


(46) 


1.5 


130 666 


.0068 


0076 


4.0 


300000 


.0062 


9.5 



••Wire produced by some manufacturers differs considerably from the resistance values given. 

•D.S.C. wound on spool. 

fBare wire on slab — well ventilated. Spacing between turns equal to wire diameter. 

N.B. — To find current for Advance wire wound on slab, multiply Nichrome Current column by 
approx. 1.5. 
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TABLE 69 
RESISTANCE WIRE TABLE, S.W.G. 









Eureka Wire 




Nichrome Wire** 


SWG 


Dia. 






























No. 


mils. 


Ohms 


Lbs. per 


Feet 


Current 


Ohms 


Lbs. per 


Current 






per 1,000 


1,000 


per 


Milli 


per 1,000 


1,000 


Milli 






feet 


feet 


Ohm 


Amps* 


feet 


feet 


Ampsf 


10 


128 


17.4 


49.7 


57.5 


— 


40.8 


45 


— 


11 


116 


21.2 


40.9 


47.2 


— 


50.2 


37.3 


— 


12 


104 


26.4 


32.9 


37.9 


— 


62.4 


29.5 


— 


13 


92 


33.8 


25.7 


29.6 


— 


79.7 


23.4 


— 


14 


80 


44.6 


19.5 


22.4 


. — 


105.4 


17.7 


— 


15 


72 


55.1 


15.8 


18.15 


— 


130 


14.0 


— 


16 


64 


69.8 


12.5 


14.33 


— 


164 


11.3 


— 


17 


56 


91.1 


9.5 


10.98 


— 


215 


8.7 


— 


18 


48 


123.9 


7.0 


8.07 


— 


292 


6.4 


— 


19 


40 


178.5 


4.9 


5.60 


— 


421 


4.42 


— 


20 


36 


220.4 


3.9 


4.53 


650 


520 


3.58 


— 


21 


32 


279.1 


3.12 


3.58 


510 


659 


2.83 


— 


22 


28 


364 


2.38 


2.75 


390 


861 


2.17 


— 


23 


24 


496 


1.75 


2.02 


300 


1170 


1.60 


— 


24 


22 


590 


1.47 


1.70 


250 


1390 


1.33 


— 


25 


20 


714 


1.21 


1.40 


210 


1680 


1.12 


— 


26 


18 


882 


0.99 


1.134 


170 


2080 


.897 


400 


27 


16.4 


1062 


.82 


.942 


140 


2 510 


.746 


350 


28 


14.8 


1305 


.67 


.766 


117 


3080 


.607 


300 


29 


13.6 


1545 


.56 


.647 


101 


3650 


.513 


250 


30 


12.4 


1858 


.47 


.538 


85 


4390 


.427 


230 


31 


11.6 


2123 


.41 


.471 


75 


5 010 


.373 


205 


32 


10.8 


2450 


.35 


.408 


66 


5 780 


.324 


185 


33 


10.0 


2857 


.304 


.350 


57 


6750 


.276 


165 


34 


9.2 


3376 


.257 


.296 


49 


7 970 


.235 


145 


35 


8.4 


4049 


.215 


.247 


41 


9 560 


.195 


125 


36 


7.6 


4947 


.175 


.202 


35 


11690 


.160 


110 


37 


6.8 


6179 


.140 


.1618 


29 


14600 


,128 


91 


38 


6.0 


7936 


.109 


.1260 


23 


18 700 


.100 


76 


39 


5.2 


10565 


.082 


.0947 


19 


24900 


.075 


62 


40 


4.8 


12 395 


.070 


.0807 


16 


29200 


.064 


55 


41 


4.4 


14756 


.059 


.0677 


13 


34 800 


.0536 


48 


42 


4.0 


17855 


.049 


.0560 


11 


42180 


.0450 


41 


43 


3.6 


22045 


.039 


.0454 


9.5 


52000 


.0358 


35 


44 


3.2 


27 888 


.031 


.0359 


8.0 


63900 


.0283 


30 


45 


2.8 


36 216 


.024 


.0276 


6.5 


86100 


.0217 


25 


46 


2.4 


49 588 


.018 


.0202 


5.0 


117 000 


.0160 


20 


47 


2.0 


71428 


.012 


.0140 


4.0 


168000 


.0112 


15 


48 


1.6 


111333 


.008 


.0090 


3.0 


263 600 


.0071 





**Wire produced by some manufacturers differs considerably from the resistance values given. 
•D.S.C. wound on spool. 

tBare wire on slab— well ventilated. Spacing between turns equal to wire diameter. 

N.B. — To find current for Eureka wire wound on slab, multiply Nichrome Current column by approx. 



TABLE 70 : WINDING DATA CHART 
FOR ROUND PLAIN ENAMELLED COPPER WIRE, A.W.G. 
(By courtesy of Standard Transformer Corporation, Chicago) 



Insulation 


Wire 


Current 


Dia. 


Area 


Turns per layer 


Wire 


Layer 

Insulation 

Thickness 

(Inches) 


A.W.G. 

No. 


Based on 
700 Cir. Mils 

per Amp. 
(Maximum) 

(Amperes) 


Overall 
Enamelled 

Wire 

(Nominal) 

(Inches) 


Bare 

Copper 

Wire 

(Nominal) 

(Cir. Mils) 


Lamination Size 
(Dimension of Centre Leg) 


A.W.G. 

No. 


0.50' 


0.62" 


0.75" 


0.87" 


1.00" 


1.12" 


1.25" 


1.37" 


1.50" 




.010 Fibre 


10 


14.90 


.1039 


10380 


— 


— 


— 


9 


10 


11 


12 


14 


16 


10 


>* 


11 


11.80 


.0927 


8230 


— 


— 


— 


10 


11 


12 


14 


16 


18 


11 


,j 


12 


9.35 


.0827 


6530 


— 


— 


8 


11 


13 


14 


16 


18 


20 


12 


55 


13 


7.42 


.0738 


5180 


— 


8 


9 


13 


14 


16 


18 


20 


22 


13 


.007 Fibre 


14 


5.87 


.0659 


4110 


7 


9 


11 


14 


16 


18 


20 


22 


25 


14 


,, 


15 


4.66 


.0588 


3260 


8 


10 


12 


16 


18 
20 


20 


22 


25 


28 


15 


j> 


16 


3.69 


.0524 


2580 


9 


11 


13 


18 


22 


25 


28 


31 


16 


.005 Fibre 


17 


2.93 


.0469 


2050 


10 


12 


15 
17 


20 


22 


25 


28 


31 


35 


17 


» 


18 


2.31 


.0418 


1620 


11 


14 


23 


25 


28 


31 


35 


39 


18 


.004 Kraft 


19 


1.84 


.0374 


1290 


12 


15 


19 


25 


28 


31 


35 


39 


44 


19 


» 


20 


1.46 


.0334 


1020 


14 


17 


21 


28 


32 


35 


39 


44 


49 


20 


» 


21 


1.16 


.0299 


810 


15 


19 


23 


31 


35 


39 


43 


49 


55 


21 


j, 


22 


0.917 


.0267 


642 


17 


22 


26 


35 


39 


44 


48 


55 


62 


22 


55 


23 


0.723 


.0238 


510 


20 


25 


29 


39 


44 


49 


54 


62 


69 


23 


53 


24 


0.578 


.0213 


404 


22 


27 


33 


44 


50 


55 


61 


69 


77 


24 


.003 Kraft 


25 


0.457 


.0190 


320 


25 


31 


37 


49 


55 


61 


68 


77 


86 


25 



o 



TABLE 70 : WINDING DATA CHART 
FOR ROUND PLAIN ENAMELLED COPPER WIRE, A.W.G. 

(By courtesy of Standard Transformer Corporation, Chicago) 



Insulation 


Wire 


Current 


Dia. 


Area 








Turns per 


ayer 








Wire 


Layer 
Insulation 
Thickness 


A.W.G. 

No. 


Based on 
700 Cir. Mils 

per Amp. 
(Maximum) 

(Amperes) 


Overall 
Enamelled 

Wire 

(Nominal) 

(Inches) 


Bare 
Copper 

Wire 
(Nominal) 
(Cir. Mils) 


Lamination Size 
(Dimension of Centre Leg) 


A.W.G. 

No. 


(Inches) 


0.50" 


0.62" 


0.75" 


0.87" 


1.00" 


1.12" 


1.25" 


1.37" 


1.50" 




.003 Kraft 


26 


0.363 


.0170 


254 


27 


35 


41 

" 46 


55 


62 


68 


76 


87 


98 


26 


55 


27 


0.289 


.0152 


202 


31 


39 


62 


69 


77 


85 


97 


108 
121 


27 


.002 Kraft 


28 


0.229 


.0136 


160 


34 


43 


51 


69 


77 


86 


95 


108 


28 


55 


29 


0.181 


.0122 


127 


38 

" 43 


48 


57 


77 


86 


95 


115 


119 


133 


29 


55 


30 


0.144 


.0108 


101 


53 


64 


86 


96 


107 


118 


134 


151 


30 


.0015 Kraft 


31 


0.114 


.0097 


79.7 


47 


60 


72 


96 


107 


119 


132 


150 
164 


168 
183 
207 
233 


31 


55 


32 


0.0903 


.0088 


63.2 


52 


66 


78 


105 
118 


118 


130 


143 


32 


5? 


33 


0.0715 


.0078 


50.1 


59 


73 


88 


133 


147 


162 


184 


33 


.001 Kraft 


34 


0.0568 


.0069 


39.8 


67 


83 


96 


133 


150 


167 


183 


209 


34 


55 


35 


0.0450 


.0061 


31.5 


75 


92 


111 


150 
166 


169 


186 


205 


233 


265 


35 


55 


36 


0.0357 


.0055 


25.0 


83 


103 


125 


186 


206 


227 


258 


293 
325 


36 


55 


37 


0.0283 


.0049 


19.8 


93 


115 


139 


185 


209 


231 


255 


290 


37 


.0008 Kraft 


38 


0.0224 


.0044 


15.7 


102 


127 


151 


205 


230 


255 


284 


322 


38 


55 


39 


0.0179 


.0038 


12.5 


118 


148 


177 


237 


266 


296 


330 


— 


— 


39 


55 


40 


0.0141 


.0034 


9.89 


131 


163 


197 


263 


295 


329 


— 


— 


— 


40 


55 


41 


0.0120 


.0032 


8.41 


139 


174 


209 


279 


312 


— 


— 


— 


— 


41 


55 


42 


0.0089 


.0028 


6.25 


f58 


198 


238 


— 1 — 


— 


— 


— 


— 


42 



5 
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SECTION 20 : LOGARITHM TABLES 








1 2 3 


4 5 6 


7 8 9 


Differences 


1 2 


3 


4 


5 


6 


7 8 9 


10 


0000 


0043 0086 0128 


0170 0212 0253 


0294 0334 0374 


4 8 


12 


17 21 


25 


29 33 37 


11 

12 
13 
14 
15 


0414 
0792 
1139 
1461 
1761 


0453 0492 0531 
0828 0864 0899 
1173 1206 1239 
1492 1523 1553 
1790 1818 1847 


0569 0607 0645 
0934 0969 1004 
1271 1303 1335 
1584 1614 1644 
1875 1903 1931 


0682 0719 0755 
1038 1072 1106 
1367 1399 1430 
1673 1703 1732 
1959 1987 2014 


4 8 
3 7 
3 6 
3 6 
3 6 


11 
10 
10 
9 
8 


15 
14 
13 
12 
11 


19 23 
17 21 
16 19 
15 18 
14 17 


26 30 34 
24 28 31 
23 26 29 
21 24 27 
20 22 25 


16 
17 
18 
19 
20 


2041 
2304 
2553 
2788 
3010 


2068 2095 2122 
2330 2355 2380 
2577 2601 2625 
2810 2833 2856 
3032 3054 3075 


2148 2175 2201 
2405 2430 2455 
2648 2672 2695 
2878 2900 2923 
3096 3118 3139 


2227 2253 2279 
2480 2504 2529 
2718 2742 2765 
2945 2967 2989 
3160 3181 3201 


3 5 
2 5 
2 5 
2 4 
2 4 


8 
7 
7 
7 
6 


11 
10 
9 
9 
8 


13 
12 
12 
11 
11 


16 
15 
14 
13 
13 


18 21 24 
17 20 22 
16 19 21 
16 18 20 
15 17 19 


21 
22 
23 
24 
25 


3222 
3424 
3617 
3802 
3979 


3243 3263 3284 
3444 3464 3483 
3636. 3655 3674 
3820 3838 3856 
3997 4014 4031 


3304 3324 3345 
3502 3522 3541 
3692 3711 3729 
3874 3892 3909 
4048 4065 4082 


3365 3385 3404 
3560 3579 3598 
3747 3766 3784 
3927 3945 3962 
4099 4116 4133 


2 4 
2 4 
2 4 
2 4 
2 3 


6 
6 
6 
5 
5 


8 
8 

7 
7 
7 


10 
10 
9 
9 
9 


12 
12 
11 
11 
10 


14 16 18 
14 15 17 
13 15 17 
12 14 16 
12 14 15 


26 
27 
28 
29 
30 


4150 
4314 
4472 
4624 
4771 


4166 4183 4200 
4330 4346 4362 
4487 4502 4518 
4639 4654 4669 
4786 4800 4814 


4216 4232 4249 
4378 4393 4409 
4533 4548 4564 
4683 4698 4713 
4829 4843 4857 


4265 4281 4298 
4425 4440 4456 
4579 4594 4609 
4728 4742 4757 
4871 4886 4900 


2 3 
2 3 
2 3 
1 3 
1 3 


5 
5 
5 
4 
4 


7 
6 
6 
6 
6 


8 
8 
8 

7 
7 


10 
9 
9 
9 
9 


11 13 15 
11 13 14 
11 12 14 
10 12 13 
10 11 13 


31 
32 
33 
34 
35 


4914 
5051 
5185 
5315 
5441 


4928 4942 4955 
5065 5079 5092 
5198 5211 5224 
5238 5340 5353 
5453 5465 5478 


4969 4983 4997 
5105 5119 5132 
5237 5250 5263 
5366 5378 5391 
5490 5502 5514 


5011 5024 5038 
5145 5159 5172 
5276 5289 5302 
5403 5416 5428 
5527 5539 5551 


1 3 
1 3 
1 3 
1 3 
1 2 


4 
4 
4 
4 
4 


6 
5 
5 
5 
5 


7 
7 
6 
6 
6 


8 
8 
8 
8 

7 


10 11 12 
9 11 12 
9 10 12 
9 10 11 
9 10 11 


36 
37 
38 
39 
40 


5563 
5682 
5798 
5911 
6021 


5575 5587 5599 
5694 5705 5717 
5809 5821 5832 
5922 5933 5944 
6031 6042 6053 


5611 5623 5635 
5729 5740 5752 
5843 5855 5866 
5955 5966 5977 
6064 6075 6085 


5647 5658 5670 
5763 5775 5786 
5877 5888 5899 
5988 5999 6010 
6096 6107 6117 


1 2 
1 2 
1 2 
1 2 
1 2 


4 
3 
3 
3 
3 


5 
5 
5 

4 
4 


6 
6 
6 
5 
5 


7 
7 
7 
7 
6 


8 10 11 
8 9 10 
8 9 10 
8 9 10 
8 9 10 


41 
42 
43 
44 
45 


6128 
6232 
6335 
6435 
6532 


6138 6149 6160 
6243 6253 6263 
6345 6355 6365 
6444 6454 6464 
6542 6551 6561 


6170 6180 6191 
6274 6284 6294 
6375 6385 6395 
6474 6484 6493 
6571 6580 6590 


6201 6212 6222 
6304 6314 6325 
6405 6415 6425 
6503 6513 6522 
6599 6609 6618 


1 2 
1 2 
1 2 
1 2 
1 2 


3 
3 
3 
3 

3 


4 

4 
4 
4 

4 


5 
5 
5 
5 
5 


6 
6 
6 
6 
6 


7 8 9 
7 8 9 
7 8 9 
7 8 9 
7 8 9 


46 
47 
48 
49 
50 


6628 
6721 
6812 
6902 
6990 


6637 6646 6656 
6730 6739 6749 
6821 6830 6839 
6911 6920 6928 
6998 7007 7016 


6665 6675 6684 
6758 6767 6776 
6848 6857 6866 
6937 6946 6955 
7024 7033 7042 


6693 6702 6712 
6785 6794 6803 
6875 6884 6893 
6964 6972 6981 
7050 7059 7067 


1 2 
1 2 
1 2 
1 2 
1 2 


3 
3 
3 
3 
3 


4 
4 
4 
4 
3 


5 
5 
4 
4 
4 


6 
5 
5 
5 
5 


7 7 8 
6 7 8 
6 7 8 
6 7 8 
6 7 8 


51 
52 
53 
54 


7076 
7160 
7243 
7324 


7084 7093 7101 
7168 7177 7185 
7251 7259 7267 
7332 7340 7348 


7110 7118 7126 
7193 7202 7210 
7275 7284 7292 
7356 7364 7372 


7135 7143 7152 
7218 7226 7235 
7300 7308 7316 
7380 7388 7396 


1 2 
1 2 
1 2 
1 2 


3 
2 
2 
2 


3 
3 
3 
3 


4 

4 
4 
4 


5 
5 

5 
5 


6 7 8 
6 7 7 
6 6 7 
6 6 7 







1 2 3 


4 5 6 


7 8 9 


1 2 


3 


4 


5 


6 


7 8 9 
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Differences 











1 2 3 


4 5 6 


7 8 9 


















1 


2 3 


4 


5 


6 


7 


8 9 


55 


7404 


7412 7419 7427 


7435 7443 7451 


7459 7466 7474 


1 


2 2 


3 


4 


5 


5 


6 7 


56 


7482 


7490 7497 7505 


7513 7520 7528 


7536 7543 7551 


1 


2 2 


3 


4 


5 


5 


6 7 


57 


7559 


7566 7574 7582 


7589 7597 7604 


7612 7619 7627 


1 


2 2 


3 


4 


5 


5 


6 7 


58 


7634 


7642 7649 7657 


7664 7672 7679 


7686 7694 7701 


1 


1 2 


3 


4 


4 


5 


6 7 


59 


7709 


7716 7723 7731 


7738 7745 7752 


7760 7767 7774 


1 


1 2 


3 


4 


4 


5 


6 7 


60 


7782 


7789 7796 7803 


7810 7818 7825 


7832 7839 7846 


1 


1 2 


3 


4 


4 


5 


6 6 


61 


7853 


7860 7868 7875 


7882 7889 7896 


7903 7910 7917 


1 


1 2 


3 


4 


4 


5 


6 6 


62 


7924 


7931 7938 7945 


7952 7959 7966 


7973 7980 7987 


J 


1 2 


3 


3 


4 


5 


6 6 


63 


7993 


8000 8007 8014 


8021 8028 8035 


8041 8048 8055 


1 


1 2 


3 


3 


4 


5 


5 6 


64 


8062 


8069 8075 8082 


8089 8096 8102 


8109 8116 8122 


1 


1 2 


3 


3 


4 


5 


5 6 


65 


8129 


8136- 8142 8149 


8156 8162 8169 


8176 8182 8189 


1 


1 2 


3 


3 


4 


5 


5 6 


66 


8195 


8202 8209 8215 


8222 8228 8235 


8241 8248 8254 


1 


1 2 


3 


3 


4 


5 


5 6 


67 


8261 


8267 8274 8280 


8287 8293 8299 


8306 8312 8319 


1 


1 2 


3 


3 


4 


5 


5 6 


68 


8325 


8331 8338 8344 


8351 8357 8363 


8370 8376 8382 


1 


1 2 


3 


3 


4 


4 


5 6 


69 


8388 


8395 8401 8407 


8414 8420 8426 


8432 8439 8445 


1 


1 2 


2 


3 


4 


4 


5 6 


70 


8451 


8457 8463 8470 


8476 8482 8488 


8494 8500 8506 


1 


1 2 


2 


3 


4 


4 


5 6 


71 


8513 


8519 8525 8531 


8537 8543 8549 


8555 8561 8567 


1 


1 2 


2 


3 


4 


4 


5 5 


72 


8573 


8579 8585 8591 


8597 8603 8609 


8615 8621 8627 


1 


1 2 


2 


3 


4 


4 


5 5 


73 


8633 


8639 8645 8651 


8657 8663 8669 


8675.8681 8686 


1 


1 2 


2 


3 


4 


4 


5 5 


74 


8692 


8698 8704 8710 


8716 8722 8727 


8733 8739 8745 


1 


1 2 


2 


3 


4 


4 


5 5 


75 


8751 


8756 8762 8768 


8774 8779 8785 


8791 8797 8802 


1 


1 2 


2 


3 


3 


4 


5 5 


76 


8808 


8814 8820 8825 


8831 8837 8842 


8848 8854 8859 


1 


1 2 


2 


3 


3 


4 


5 5 


77 


8865 


8871 8876 8882 


8887 8893 8899 


8904 8910 8915 


1 


1 2 


2 


3 


3 


4 


4 5 


78 


8921 


8927 8932 8938 


8943 8949 8954 


8960 8965 8971 


1 


1 2 


2 


3 


3 


4 


4 5 


79 


8976 


8982 8987 8993 


8998 9004 9009 


9015 9020 9025 


1 


1 2 


2 


3 


3 


4 


4 5 


80 


9031 


9036 9042 9047 


9053 9058 9063 


9069 9074 9079 


i 


1 2 


2 


3 


3 


4 


4 5 


81 


9085 


9090 9096 9101 


9106 9112 9117 


9122 9128 9133 


1 


1 2 


2 


3 


3 


4 


4 5 


82 


9138 


9143 9149 9154 


9159 9165 9170 


9175 9180 9186 


1 


1 2 


2 


3 


3 


4 


4 5 


83 


9191 


9196 9201 9206 


9212 9217 9222 


9227 9232 9238 


1 


1 2 


2 


3 


3 


4 


4 5 


84 


9243 


9248 9253 9258 


9263 9269 9274 


9279 9284 9289 


1 


1 2 


2 


3 


3 


4 


4 5 


85 


9294 


9299 9304 9309 


9315 9320 9325 


9330 9335 9340 


1 


1 2 


2 


3 


3 


4 


4 5 


86 


9345 


9350 9355 9360 


9365 9370 9375 


9380 9385 9390 


1 


1 2 


2 


3 


3 


4 


4 5 


87 


9395 


9400 9405 9410 


9415 9420 9425 


9430 9435 9440 





1 1 


2 


2 


3 


3 


4 4 


88 


9445 


9450 9455 9460 


9465 9469 9474 


9479 9484 9489 





1 1 


2 


2 


3 


3 


4 4 


89 


9494 


9499 9504 9509 


9513 9518 9523 


9528 9533 9538 





1 1 


2 


2 


3 


3 


4 4 


90 


9542 


9547 9552 9557 


9562 9566 9571 


9576 9581 9586 





1 1 


2 


2 


3 


3 


4 4 


91 


9590 


9595 9600 9605 


9609 9614 9619 


9624 9628 9633 





1 1 


2 


2 


3 


3 


4 4 


92 


9638 


9643 9647 9652 


9657 9661 9666 


9671 9675 9680 





1 1 


2 


2 


3 


3 


4 4 


93 


9685 


9689 9694 9699 


9703 9708 9713 


9717 9722 9727 





1 1 


2 


2 


3 


3 


4 4 


94 


9731 


9736 9741 9745 


9750 9754 9759 


9763 9768 9773 





1 1 


2 


2 


3 


3 


4 4 


95 


9777 


9782 9786 9791 


9795 9800 9805 


9809 9814 9818 ■ 





1 1 


2 


2 


3 


3 


4 4 


96 


9823 


9827 9832 9836 


9841 9845 9850 


9854 9859 9863 





1 1 


2 


2 


3 


3 


4 4 


97 


9868 


9872 9877 9881 


9886 9890 9894 


9899 9903 9908 





1 1 


2 


2 


3 


3 


4 4 


98 


9912 


9917 9921 9926 


9930 9934 9939 


9943 9948 9952 





1 1 


2 


2 


3 


3 


4 4 


99 


9956 


9961 9965 9969 


9974 9978 9983 


9987 9991 9996 





1 1 


2 


2 


3 


3 


3 4 







1 2 3 


4 5 6 


7 8 9 


1 


2 3 


4 


5 


6 


7 


8 9 
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SECTION 21 : TRIGONOMETRICAL AND HYPERBOLIC TABLES 

TABLE 72 : TRIGONOMETRICAL RELATIONSHIPS 



1 




a 


u 

a 

01 

O 

O 


a 

9) 

c 
« 


*3> 

c 
< 


w 

C 


.s 


a 
••< 

09 

o 


a 

bo 

a 
H 


0° 


.0000 


.0000 


1.000 


.0000 


45° 


.7854 


.7071 


.7071 


1.0000 


1 


.0175 


.0175 


.9998 


.0175 


46 


.8029 


.7193 


.6947 


1.0355 


2 


.0349 


.0349 


.9994 


.0349 


47 


.8203 


.7314 


.6820 


1.0724 


3 


.0524 


.0523 


.9986 


.0524 


48 


.8378 


.7431 


.6691 


1 1106 


4 


.0698 


.0698 


.9976 


.0699 


49 


.8552 


.7547 


.6561 


1.1504 


5 


.0873 


.0872 


.9962 


.0875 


50 


.8727 


.7660 


.6428 


1.1918 


6 


.1047 


.1045 


.9945 


.1051 


51 


.8901 


.7771 


.6293 


1.2349 


7 


.1222 


.1219 


.9925 


.1228 


52 


.9076 


.7880 


.6157 


1.2799 


8 


.1396 


.1392 


.9903 


.1405 


53 


.9250 


.7986 


.6018 


1.3270 


9 


.1571 


.1564 


.9877 


.1584 


54 


.9425 


.8090 


.5878 


1.3764 


10 


.1745 


.1736 


.9848 


.1763 


55 


.9599 


.8192 


.5736 


1.4281 


11 


.1920 


.1908 


.9816 


.1944 


56 


.9774 


.8290 


.5592 


1.4826 


12 


.2094 


.2079 


.9781 


.2126 


57 


.9948 


.8387 


.5446 


1.5399 


13 


.2269 


.2250 


.9744 


.2309 


58 


1.0123 


.8480 


.5299 


1.6003 


14 


.2443 


.2419 


.9703 


.2493 


59 


1.0297 


.8572 


.5150 


1.6643 


15 


.2618 


.2588 


.9659 


.2679 


60 


1.0472 


.8660 


.5000 


1.7321 


16 


.2793 


.2756 


.9613 


.2867 


61 


1.0647 


.8746 


.4848 


1.8040 


17 


.2967 


.2924 


.9563 


.3057 


62 


1.0821 


.8829 


.4695 


1.8807 


18 


.3142 


.3090 


.9511 


.3249 


63 


1.0996 


.8910 


.4540 


1.9626 


19 


.3316 


.3256 


.9455 


.3443 


64 


1.1170 


.8988 


.4384 


2.0503 


20 


.3491 
.3665 


.3420 


.9397 


.3640 


65 


1.1345 


.9063 


.4226 


2.1445 


21 


.3584 


.9336 


.3839 


66 


1.1519 


.9135 


.4067 


2.2460 


22 


.3840 


.3746 


.9272 


.4040 


67 


1.1694 


.9205 


.3907 


2.3559 


23 


.4014 


.3907 


.9205 


.4245 


68 


1.1868 


.9272 


.3746 


2.4751 


24 


.4189 


.4067 


.9135 


.4452 


69 


1.2043 


.9336 


.3584 


2.6051 


25 


.4363 


.4226 


.9063 


.4663 


70 


1.2217 


.9397 


.3420 


2.7475 


26 


.4538 


.4384 


.8988 


.4877 


71 


1.2392 


.9455 


.3256 


2.9042 


27 


.4712 


.4540 


.8910 


.5095 


72 


1.2566 


.9511 


.3090 


3.0777 


28 


.4887 


.4695 


.8829 


.5317 


73 


1.2741 


.9563 


.2924 


3.2709 


29 


.5061 


.4848 


.8746 


.5543 


74 


1.2915 


.9613 


.2756 


3.4874 


30 


.5236 


.5000 


.8660 


.5774 


75 


1.3090 


.9659 


.2588 


3.7321 


31 


.5411 


.5150 


.8572 


.6009 


76 


1.3265 


.9703 


.2419 


4.0108 


32 


.5585 


.5299 


.8480 


.6249 


77 


1.3439 


.9744 


.2250 


4.3315 


33 


.5760 


.5446 


.8387 


.6494 


78 


1.3614 


.9781 


.2079 


4.7046 


34 


.5934 


.5592 


.8290 


.6745 


79 


1.3788 


.9816 


.1908 


5.1446 


35 


.6109 


.5736 


.8192 


.7002 


80 
81 


1.3963 


.9848 


.1736 


5.6713 


36 


.6283 


.5878 


.8090 


.7265 


1.4137 


.9877 


.1564 


6.3138 


37 


.6458 


.6018 


.7986 


.7536 


82 


1.4312 


.9903 


.1392 


7.1154 


38 


.6632 


.6157 


.7880 


.7813 


83 


1.4486 


.9925 


.1219 


8.1443 


39 


.6807 


.6293 


.7771 


.8098 


84 


1.4661 


.9945 


.1045 


9.5144 


40 


.6981 


.6428 
.6561 


.7660 
.7547 


.8391 


85 


1.4835 


.9962 


.0872 
.0698 


11.43 


41 


.7156 


.8693 


86 


1,5010 


.9976 


14.30 


42 


.7330 


.6691 


.7431 


.9004 


87 


1.5184 


.9986 


.0523 


19.08 


43 


.7505 


.6820 


.7314 


.9325 


88 


1.5359 


.9994 


.0349 


28.64 


44 


.7679 


.6947 


.7193 


.9657 


89 


1.5533 


nnno 


r\t rye 

.unj 


57.29 
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TABLE 73 : HYPERBOLIC SINES, COSINES AND TANGENTS 

sinh x = i(e x - €-*); cosh x = £(e* + e~ x ) ; tanh * = («■* - e- x )/(e x + e~ x ) 

e = 2.3026 = 1/0.4343 



X 


sinh x 


cosh x 


tanh x 


x 


sinh x 


cosh x 


tanh x 


0.00 


0.000 


1.000 


0.0000 


2.50 


6.050 


6.132 


0.986 6 


0.10 


0.100 


1.005 


0.099 7 


2.60 


6.695 


6.769 


0.989 


0.20 


0.201 


1.020 


0.1974 


2.70 


7.406 


7.473 


0.991 


0.30 


0.304 


1.045 


0.291 3 


2.80 


8.192 


8.253 


0.992 6 


" 0.40 


0.411 


1.081 


0.3800 


2.90 


9.060 


9.115 


0.994 


0.50 


0.521 


1.128 


0.462 1 


3.00 


10.018 


10.068 


0.995 1 


0.60 


0.637 


1.185 


0.537 


3.10 


11.077 


11.122 


0.996 


0.70 


0.759 


1.255 


0.604 4 


3.20 


12.246 


12.287 


0.996 7 


0.80 


0.888 


1.337 


0.664 


3.30 


13.538 


13.575 


0.997 3 


0.90 


1.027 


1.433 


0.716 3 


3.40 


14.965 


14.999 


0.997 8 


1.00 


1.175 


1.543 


0.761 6 


3.50 


16.543 


16.573 


0.998 2 


1.10 


1.336 


1.669 


0.800 5 


3.60 


18.285 


18.313 


0.998 5 


1.20 


1.509 


1.811 


0.8337 


3.70 


20.211 


20.236 


0.998 8 


1.30 


1.698 


1.971 


0.861 7 


3.80 


22.339 


22.362 


0.999 


1.40 


1.904 


2.151 


0.885 4 


3.90 


24.691 


24.711 


0.999 2 


1.50 


2.129 


2.352 


0.905 2 


4.00 


27.290 


27.308 


0.999 3 


1.60 


2.376 


2.577 


0.921 7 


4.10 


30.162 


30.178 


0.999 45 


1.70 


2.646 


2.828 


0.935 4 


4.20 


33.336 


33.351 


0.999 55 


1.80 


2.942 


3.107 


0.946 8 


4.30 


36.843 


36.857 


999 63 


1.90 


3.268 


3.418 


0.956 2 


4.40 


40.719 


40.732 


0.999 70 


2.00 


3.627 


3.762 


0.9640 


4.50 


45.003 


45.014 


0.999 75 


2.10 


4.022 


4.144 


0.970 5 


4.60 


49.737 


49,747 


0.999 80 


2.20 


4.457 


4.568 


0.975 7 


4.70 


54.969 


54.978 


0.999 83 


2.30 


4.937 


5.037 


0.980 1 


4.80 


60.751 


60.759 


0.999 86 


2.40 


5.466 


5.557 


0.983 7 


4.90 


67.141 


67.149 


0.999 89 










5.00 


74.203 


74.210 


0.999 91 
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SECTION 22 : LOG. SCALES AND LOG. SCALE INTERPOLATOR 

(*') Log scales (ii) Log scale interpolator. 

(i) Log scales 

The exact (to 3 significant figures) relationship between the log. and linear scales 
are set out in Fig. 38.9. It will be seen that the approximation of Fig. 38.10 is very 
close and the error is negligible in comparison with ordinary graphical errors. To 
plot the approximate log. scale, use a decimal rule (inches or centimetres etc.) and 
mark 0.3, 0.6, 0.9 and 1.0 for each major division, and continue similarly. If linear 
graph paper is available, select values for 1 and 10 on the log. scale such that the linear 
scale is 10 or a convenient multiple of 10, then mark log. values as in Fig. 38.10. 

See also Chapter 19 Sect, l(xii) for decibels, slide rules and mental arithmetic. 

FIG. 38.9 , c . 

Log Seek 

I 2 3 456789 IO 

i i i i i i i i i i 

f-*--30bc — *X«- -30ix — *^-*- -3oix — »-Jo97x[-*- Fig. 38.9. Log. and linear scales 
if* x »-{ (exact). 

Linear Measurement 



FIG. 38. IO e . 

Linear Scole 

o 1 ? 3 , 4 s * ? ? * *? Fig. 38.10. Log. and linear scales 
i s 4 a to (approx.). 

Log Scale ^pprox) 



(ii) Log. scale Interpolator 

Often it is desired to know the exact value of a point on a logarithmic scale, when 
it does not come on one of the scale markings. In such a case, mark on a straight 
edge of paper the distance from the point to the next lower scale marking which is a 
multiple of 10, also marking the distance to the next higher marking which is a mul- 
tiple of 10. The piece of paper with the three pencil marks should then be placed 
on the Log Scale Interpolator (see opposite page) so that the edge of the paper is 
roughly horizontal, and the two extreme points come exactly on the outer radial lines, 
the lower value to the left and the higher value to the right. The value of the point 
may then be read on the top scale, multiplied by the appropriate multiple of 10. 
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A-Dattery, definition, 1398 

A.C./D.C. receiver, definition, 1398 

Abampere, 1332, 1333 

Abbreviations, 1366-1367 

tides of periodicals, 1367-1369 

Abcoulomb, 1332, 1333 

Abfarad, 1332, 1333 

Abhenry, 1332, 1333 

Abmho, 1 332 > 1333 

Abohm, 1332, 1333 

Abscissa, 279 

Absolute magnitude of complex quan- 
tity, 140, 285 
Absolute maximum system, 9, 77 
Absolute system, definition, 1331 
Absolute temperature, 1334 
Absolute value, definition, 1398 
Absolute zero, 1334 
Abvolt, 1332, 1333 
Acceptance testing of valves, 120 
Accumulator operation, valves ratings 

for, 78, 79 

Acoustical absorption coefficient, _ 863 

Acoustical damping to eliminate standing 

waves in loudspeaker enclosures, 843-845, 

849 
Acoustical data, summary of, 871-874 

Acoustical, electrical and mechanical 

equivalents, 872 

Acoustical feedback, avoidance of, 866 

Acoustical feedback, definition, 1398 

Acoustical labyrinth loudspeakers, 850 

Acoustical phase inverter (vented baffle) 

loudspeakers, 845-850 

Acoustical power of orchestra, peak, 623 

Acoustical QUAD amplifier, 544, 596 

Acoustical radiation by pickup, 714, 718, 719, 

760, 762 
Acoustical tests on receivers, 1314 

Acoustics and music, references, 634 

Acoustics of rooms, 864-865 

Activation of cathode, 69 

Addition, 260 

Admittance and impedance, 144-158 

Admittance as reciprocal of impedance, 154 
Admittance circle diagram, 156 

Admittance coefficients, 50-55 

Admittance, grid input, 49-53 

Admittance, grid input, components of, 51-53 
Admittance, grid input, effects of, 927-934 
Admittance neutralization, stable, 389 

Admittance of arms and networks, 153-158 
Admittance of parallel connections of L, 

C and R, 147-149 

Admittance of series connections of L, 

C and R, 144-147 

Admittance of series-parallel connections 

of L, C and R, 149-153 

Admittance, short-circuit feedback, 50-55 

Admittance, short-circuit feedback, 

methods of increasing in i-f ampli- 
fiers, 1064 
Admittance, short-circuit feedback, test 

for, 117 

Admittance, short-circuit forward, 50-55 

Admittance, short-circuit forward, test 

for, 117 

Admittance, short-circuit input, 50-55 

Admittance, short-circuit input, test for, 113-1 17 
Admittance, short-circuit output, 50-55 



Admittance, short-circuit output, test for, 117 
Admittance, signal grid input, of con- 
verters, 970, 973, 976-978, 980-981 
Admittances, short circuit, 69 
Admittances, valve, 49-57, 69, 70 
Aerial coil gain, 916-917, 920 
Aerial coupling, 912-913 
Aerial coupling, capacitance, 921 
Aerial coupling transformer, mutual 

inductance, 916-920 

Aerial coupling transformer, tapped in- 
ductance, 920-921 
Aerial coupling transformer, three special 

cases for, 918-920 

Aerial coupling units, generalised, 915-916 
Aerial primary windings of short-wave 

coils, 474 

Aerial stages, 912-913, 915-922 

Aerial stages, fixed tuned, 921 

Aerials (Chapter 22), 890-911 

Aerials and power transfer, 892-893 

beam width of, 894 

broadside array, 893-894 

car radio, aerials for 1276-1277 

characteristics of, 893-894 

dipoles, 892-895, 898,904-906,908-911,919 

effect of spacing between aerial and 

reflector, 905-906 

discone, 910 

dummy, 906-907, 1299, 1315, 1316 

effective area of receiving, 893-894, 896 

effects of earth on performance of 894-900 

height above earth, desirable, 895 

imperfectly conducting earth, 896-900 

attenuation between transmitter 

and receiver, 896-900 

attenuation charts, 897-900 

attenuation of radio waves due 

to, 896-900 

conductivity of earth, 896-900 

effective area with, 896 

field intensity at receiver — 

charts, 897-900 

height of receiving aerial above 

earth, effect of— charts, 898-900 

power-flux per unit area at re- 
ceiver, 896-897 
resistivity of earth, 896 
space waves, 896, 897 
surface wave, 896, 897 
perfectly-conducting earth, 894-895 
vertical and horizontal aerials, com- 
parison between, 895, 896 
equivalent circuit of aerial and input 

circuit of receiver, 904 

equivalent circuit of aerial-earth system, 903 
field intensity of wave, electric, and 
power-flux per unit area, relation be- 
tween, 896 
F-M receivers, aerials for, 1288, 1294 
function of a receiving, 892 
half wave dipole, 893, 919 
half wave dipole, folded, 910-911 
horizontal, 895-896, 910 
impedance of, 901-906 
characteristic, 903 
equivalent series loss resistance, 902 
example of calculations, 903-904 
input impedance, 904 
voltage at receiver terminals, 904 
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Aerials and power transfer (continued) 
power that can be extracted from 

aerial with resistive losses, - 902 

radiation efficiency, 903 

radiation resistance, 902, 905, 906 

base radiation resistance, 902 

reactive component of, 903 

resistive component of, 902 

indoor, 908 

inverted L, 901, 902, 903-904, 907 

inverted T, 907 

ionosphere, effect on reception, 901 

fading due to interference between 

reflected and ground waves 901, 908 
reflected waves, 901 

reflecting layers in, 901 

loop aerials, 901, 905, 908, 918-919 

loop aerials, directly tuned, 921-922 

loop aerials, measuring Q of, 919 

magnetic and electric fields of wave, 

relation between, 897 

power available at receiver, 893 

power gain of, _ 894 

power-flux per unit area and electric 
field intensity of wave, relation be- 
tween, 896 
power transfer between two straight 

dipole aerials, 892-893 

quarter-wave, 909-910 

references, 911 

sensitivity-test input, definition, 1297 

space, intrinsic resistance of, 897 

standard, definition, 1298 

standard 300 ohm, 1315 

types used for broadcast reception, 907-91 1 

medium frequency, 907-908 

short-wave, 908-909 

v-h-f, 909-3 ii 

vertical, 892, 893, 895, 896, 901, 904, 907, 

909-910 

wave antenna, 908 

wave tilt, 908 

Air-core, definition, 1398 

Air-cored i-f coils, design of, 453-454, 

1041-1043 
Air-cored medium waveband coils, de- 
sign of, 459-460 
Algebra, 259-272 
Algebra, complex, 285-287 
Algebra, complex, polar coordinates, 286-287 
Algebra, complex, rectangular coordin- 
ates, 285-286 
Algebraic sum, definition, 1398 
Aligned grids, 8 
Alignment of Converter stage, short- 
wave, 990-991 
Alternating current, 129-130 
Alternating current, definition, 1398 
Alternating current generator, 129 
Alternating current, sine wave, 129, 130, 278 
Alternating current, 3 phase, 129 
Alternating current waveform, standard, 130 
Ambient temperature, definition 1398 
Ambient temperatures of composition 

resistors, 187 

Ambient temperatures of electrolytic con- 
densers, 193 
Ampere, 1332, 1333 
Ampere-turn, 1332, 1333 
Ampere-turn per inch, 1332, 1333 
Ampere-turn per metre, 1332, 1333 
Ampere-turn, per weber, 1332, 1333 
Amplification, a.c, test for, 74, 105, 124 
Amplification by valve, 13 
Amplification, definition, 1398 
Amplification factor, definition, 13, 72 
Amplification factor, effective, with 

feedback, 311, 313, 314, 315, 316 

Amplification factor, graphical determina- 
tion, 15, 16, 18 
Amplification factor of r.c.c. triodes, 493 
Amplification factor plate to screen, 35-36 
Amplification factor screen to control grid, 35 
Amplification factor, tests for, 74, 104, 113 
Amplification factor, triode, of pentodes, 35-36 
Amplified a.v.c. 1112-1113 



Amplifier gain expressed in decibels, 810-811 
Amplifiers, a-f, complete 

acoustical QUAD, 544, 596 

bias and screen stabilized amplifier, 593-594 
design procedure and examples, 599-600 
feedback — see Chapter 7, 

combined positive and negative, to 
give any desired positive, zero or 
negative plate resistance, 354-355 

positive, to offset loss of gain by 
omission of by-pass condensers, 354 

2 stages, 331, 334-343, 353, 354 

3 stages, 343-347, 353, 370, 377 
Mcintosh amplifier, 544, 594-596 
reproduction of sound, complete am- 
plifiers for, 744-751 

Walsh, Lincoln, amplifier, 600 

Williamson — see under Williamson am- 
plifier. 
Amplifiers, a-f direct-coupled, 529-534 

bridge balanced, 533 

bridge circuit, 530 

cascode amplifiers, 533-534 

cathode-coupled amplifiers, 348, 529, 531 
cathode-coupled phase inverter, 347-348, 532 
cathode follower, 531 

changes in filament and plate voltages, 

compensation for, 533 

drift of valve characteristics, 23-24, 530, 533 
drift of valve characteristics, com- 
pensation for, 533 
gas-tube coupled, 532 
maximum gain in, 65 
modulation systems, 532 
phase-splitter with positive feedback, 354 
references, 543 
screen-coupled, 532 
Amplifiers, a-f, in-phase, 529 
cathode-coupled amplifiers, 348, 529, 531 
grounded-grid amplifiers, 529 
inverted input amplifiers, 325, 529 
Amplifiers, a-f power (Chapter 13) 544-602 
back bias, in, 547, 597-598 
back bias, sources of, 597-598 
cathode (self) bias in, 547, 552-553, 565-566, 
582, 585 
cathode-follower power amplifiers, 596 
cathode-follower as driver, 591, 596 
cathode-follower as output stage, 596 
Class A, definition, 545, 572 
Class A, limiting, definition, 545, 572 
Class A, regulated grid bias for, 1215 
Class A single multi-grid valves, 560-570 
beam power valves, 569 
cathode bias, 565-566 
fifth harmonic distortion, effect on 

power output 565 

graphical analysis, power output and 

distortion 563-565 

ideal pentodes, 561 

inductance of transformer primary, 212-214 
leakage inductance in output trans- 
former, effects of, 566 
load resistance, 561 
loudspeaker load, 566-567 
oscillation or parasitics, 562 
overload characteristics, 563 
partial triode operation of pentodes 570 
plate circuit efficiency, 562 
power output, 561 
power output and distortion of typical 
beam power amplifier v's load re- 
sistance, 570 
practical pentodes, operating con- 
ditions, 561-563 
ratio between plate and screen cur- 
rents, _ 562 
rectification, correcting loadline for, 

568-569 
rectification effects, _ 561 

rectification effects, cathode bias, 566 

rectification effects, fixed bias, 565 

regulation, plate and screen, effects 

of, 568-569 

resistance of transformer primary, 
effect of, 566 
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Amplifiers, a-f power (continued) 

screen current, 562 

screen dissipation, 562 

screen source regulation, 562 

shunt filter, 567, 636 

space charge tetrodes, 569 

third harmonic distortion, effect on 
power output, 564 

Class A single triodes, 548-560 

a.c. filament supply, effect of, 560 

calculating gain and distortion at 
high inputs from measurements of 
g m and gj> at low inputs 554, 555 

cathode bias, 552-553 

cathode by-passing, 554 

choke-coupled amplifier, 559-560 

graphical conditions, power output 

and distortion, 548-554 

inductance of transformer prim- 
ary, 212-214, 550 
limitations of operating point, 559 
loudspeaker load, 558, 566-567, 600-601, 
881-882 
optimum grid bias, 557 
optimum load resistance, _ 557-558 
optimum operating conditions, ideal 

characteristics, 555-558 

optimum operating conditions, prac- 
tical characteristics, 557-558 
optimum plate current, 557 
overloading, 560 
plate circuit efficiency, 559 
plate dissipation, 559 
power output and distortion of 

typical triode v's load resistance, 558 
rectification effects, cathode bias, 553-554 
rectification effects, fixed bias, 551-552, 

565 
regulation of power supply, effect of, 551 
resistance of transformer primary, 

effect of, 550 

sensitivity, power, 559 

Class At, distortionless, power and 

efficiency in, 59-61 

Class AB, 545 

Class ABi, 572 

Class AB 2 amplifiers, 593-596 

bias and screen stabilized amplifier, 593-594 
Mcintosh amplifier, 594-596 

Class B, 545 

Class B amplifiers and drivers, 587-593 
Class B amplifier, definition, 587 

Class Bi amplifiers, quiescent push- 
pull, 592-593 
design procedure for Class B 2 am- 
plifiers, 592 
distortion in, 587 
earthed-grid cathode-coupled ampli- 
fiers, 592 
grid driving conditions, Class B 2 , 590-591 
driver transformer, design of, 591 
driver valve curved loadline, 591 
instability due to negative input 

resistance of valve, 590 

leakage inductance of driver trans- 
former, effect of, 590 
leakage inductance of driver trans- 
former, method of minimizing 
effects of, 590 
minimum grid input resistance, 590 
minimum variational grid resistance, 590 
peak grid input power, 590 
plate circuit efficiency, Class B 2 , 589 
plate dissipation and power output, 

Class B 2 , relation between, 589 

power output and distortion, Class 

B 2 , 588-590 

power output, ideal conditions, Class 

B 2 , 588 

classes of operation, 545, 572 

complete amplifiers, 599-601 

automatic bias control, 572, 600 

design procedure and examples, 599-600 

Lincoln Walsh amplifier, 600 

distortion in — see under Distortion. 

driver stage, 547, 590-591 



Amplifiers, a-f power (continued) 

effective plate resistance (output re- 
sistance), optimum, 546 
fixed bias in, 547, 597 
fixed bias, sources of, 597 
feedback in — see under Feedback, 
grid circuit resistance, 566, 596-597 
grid circuit resistance with back bias, 597 
hum from plate and screen supplies, 599 
load resistance, critical, 546 
loudspeaker load, 546, 558, 566-567, 600-601, 

881-882 

Miller effect, 598 

output transformer efficiency, 567 

parallel Class A amplifiers, 570-571 

parasitic oscillation, 547, 562, 590 

plate efficiency, definition, 545 

power output, 545 

push-pull pentodes and beam power 

amplifiers Class A, AB X 583-587 

cathode bias, 585 

extended Class A (triode and pentode 

in parallel on each side), 587 

matching and effects of mismatching 

in valves, 584 

phase inversion in the power stage, 585-586 
common cathode impedance, 585 

Parry cathamplifier, 586 

phase inverter, 585 

screen resistance coupling, 585 

plate and screen currents, average, 584 
power output and distortion, 583-584 
regulation of power supply, effect of 584 
push-pull triodes, Class A, ABi, 571-582 
automatic bias control, 572, 600 

cathode bias, 582 

classes of operation, 572 

common impedance, effects of, 574 

composite characteristics, 574-577, 581 
equivalent circuit for push-pull am- 
plifier, 576-577 
fundamental principles of push- 
pull, 571-573 
hum in plate and grid supplies, effect 

of, 573-574 

leakage inductance of output trans- 
former, effect of, 572-573 
matching and effects of mismatching 

in valves, 580-582 

permissible unbalance, 582 

plate current, average, 579-580 

plate dissipation at max. signal, 578 
power output and distortion, 577-579 
rate of change of current near cut-off, 

effect of, 572-573 

regulation of power supply, effect 

of, 572, 582 

theory of push-pull amplification 
based on infinite series, 573-577 

references to power amplifiers, 601-602 

regulation of power supply, effect of 

547-548, 551, 562, 568-569, 572, 582, 584 
self bias — see under Cathode bias, 
sensitivity, power, definition, 545 

some characteristics of power ampli- 
fiers, 545-547 
special features of power amplifiers, 596-599 
testing of, 548, 1321-1325 
see also under Amplifiers, a-f, tests and 
measurements, 
triode operation of pentodes, 547 
types of, 544-545 
28 volt operation, 598 
Amplifiers, a-f, push-pull, methods of 

exciting, 521-527 

balanced output amplifiers with highly 

accurate balance, 527 

common cathode impedance self-bal- 
ancing inverters, 347-348, 526-527 
cross-coupled phase inverter, 527, 663-664 
methods involving iron-cored inductors, 

521-522 
paraphase, common plate impedance. 525-526 
paraphase, floating, 524-525, 534 

paraphase inverter, 524 

paraphase inverter, see-saw self-balancing, 526 
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Amplifiers, a-f, push-pull, methods 
of exciting (continued) 
paraphase inverter, self-balancing, 524-526 
phase inverter, 524 

phase inverter, self-balancing, 524 

phase splitter, 329-330, 522-524 

phase splitter, with positive feedback, 354, 523 
references, 542-543 

Schmitt phase inverter, 526, 670 

Amplifiers, a-f push-pull, voltage, 527-528 
cathode resistors, 527 

output circuit, 527-528 

phase compressor, 527, 528 

push-pull impedance-coupled ampli- 
fiers, mathematical treatment, 528 
Amplifiers, a-f, tests and measurements, 

548, 1321-1325 
distortion, total harmonic, 1321-1322 

equipment, 1321 

feedback, special effects with, 1324 

frequency response,- 1323-1324 

output levels for measurements, 1323 
gain, 1323 

hum distortion, 1322-1323 

intermodulation distortion, 1322 

microphony, 1311, 1324 

noise level, 1324 

operating conditions for tests, 1321 

output, power, 1323 

references, 1327 

square wave testing, 1324 

stability, 1324 

tests, 1321-1325 

Amplifiers, a-f, transformer coupled, 27-34, 

517-520 
applications of, 520 

autO— txansi.G^Ax*er coupling, -r^v 

cathode loadlines, 29-30 

desirable valve characteristics, 517 

distortion, core, 206, 207, '210, 211, 212, 
214-217, 227 
distortion, valve, 518, 519 

elliptical loadlines, 30-34, 64, 213 

equivalent circuits, 204, 205, 518 

frequency response, 209, 212-214, 517, 518 
gain at mid-frequency, 517 

input impedance, unloaded transformer, 517 
loading of transformer, 519 

maximum peak output voltage, 518-519 
parallel feed, 519, 520 

parallel feed, bass boosting with, 519 

peak response at high frequencies, 209, 518 
phase shift at high frequences, 518 

phase shift at low frequencies, 206, 207, 214 
primary inductance — see under Induct- 
ance, transformer primary, 
reactive loads, 30-34 

Amplifiers, a-f voltage (Chapter 12), 481-543 
choke-coupled amplifiers, 521 

direct-coupled amplifiers, 529-534 

see also under Amplifiers, a-f direct- 
coupled, 
feedback in — see under Feedback, 
in-phase amplifiers, 529 

see also under Amplifiers, a-f, in- 
phase. 
methods of exciting push-pull ampli- 
fiers, 521-527 
see also under Amplifiers, a-f push- 
pull, methods of exciting, 
multistage voltage amplifiers, 541 
multi-channel amplifiers, 541 
single-channel amplifiers, 541 
phase splitter, 329-330, 354, 522-524 
phase splitter with positive feedback, 354, 523 
pre-amplifiers — see under Pre-amplifiers. 
push-pull voltage amplifiers, 527-528 
see also under Amplifiers, a-f push- 
pull voltage, 
references, 542-543 
resistance-capacitance-coupled pento- 
des, 496-517 
attenuation (gain /frequency) charac- 
teristics with incomplete screen by- 
passing, 496-497 



Amplifiers, a-f voltage (continued) 

bias, increase required with low re- 
sistance screen supply, 506 
cathode by-passing, incomplete, effect 
on gain when screen is adequately 
by-passed, 499-501 
cathode and screen incompletely by- 
passed, effect on gain and phase 
shift, 498-500 
choice of operating conditions 496 
combined screen and cathode load- 
lines and the effect of tolerances, 515-516 
comments on tabulated characteris- 
tics, 517 
conversion factors applied to complete 

amplifier stage, 512 

conversion factors with, 511 

coupling condenser, 495 

curves of constant plate/screen cur- 
rent ratio, 515 
data for types 6J7 and 6SJ7, 507-508, 
510-511 
distortion, comparison between triode 

and pentode, 511 

dynamic characteristics, 503-506 

dynamic characteristics, comparison 

with triodes, 508-509 

equivalent circuit, 512 

fixed bias, 501-502, 506 

gain calculated from dynamic char- 
acteristic, 506 
gain/frequency characteristic, 512 
gain at mid-frequency, 506-508 
gain in terms of g m and % v , 507 
gains, typical, 506 
grid resistor, TnavimnTTij 495 
grid resistor, maximum, cathode bias. 501 
grid resistor, maximum, fixed bias, 502-503 
load resistance, 496 
load resistance to give maximum gain 
with specified following grid re- 
sistor, 507 
maximum output voltage and dis- 
tortion, 510-511 
multi-grid valves as r.c.c. amplifiers, 516 
mutual conductance at operating 

point. 506, 507-508, 511 

optimum operating conditions, 504-505 
phase shift/frequency characteristic, 512 
phase shift/frequency characteristics 
with incomplete screen by-pass- 
ing, 498-499 
plate resistance, 507-508, 511-512 
plate supply voltage, 496 
references, 542 
remote cut-off pentodes as r.c.c. am- 
plifiers, 516 
screen by-pass, 496—499 
screen loadlines, 513-514 
screen supply, 496 
screen supply from voltage divider, 506 
series screen and cathode bias resis- 
tors, determination of, 505-506 
slope of dynamic characteristic, 506, 
507-508 
special applications, 516 
unbypassed screen and unbypassed 
cathode resistors, relation be- 
tween, 498-499 
variations in plate/screen current 
ratio, 514-515 
resistance-capacitance-coupled triodes, 

482-495 
attenuation (gain/frequency) charac- 
teristic, 494-495 
cathode bias, 484-487 
cathode bias attenuation (gain/fre- 
quency) characteristics, 484-485 
cathode bias loadlines, 29-30, 486-487 
cathode bias, phase shift, 485-486 
cathode bias resistor, choice of 486 
comments on tabulated characteristics, 495 
comparison between cathode and 

fixed bias, 488 

conversion factors with, 493 
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Amplifiers, a-f voltage (continued) 

coupling condenser, 483-484 

damping due to positive grid current, 489 
dynamic characteristics, 25-26, 491 

equivalent circuit, exact, 494 

fixed bias, 487-489 

gain and distortion at mid-fre- 
quency, 490-491 
grid leak bias, 489, 786, 1280-1281 
grid resistor, maximum, 482-483, 487, 488 
input impedance and Miller effect, 493-494 
load resistance, 482 
maximum output voltage and dis- 
tortion, 491^493 
operating conditions, 482-483 
optimum grid bias, 487-488 
phase shift/frequency characteris- 
tic, 494-495 
plate supply voltage, 482 
plate voltage and current relation- 
ships, 489-490 
references, 542 
resistance loaded valves, 24-27, 58-59, 

482-517 
dissipation of triode, 26 

stability, decoupling and hum, 535-540 

effect of common impedance in 

power supply, 535 

grid circuit decoupling, 538 

hum in voltage amplifiers, 538-540 

plate circuit decoupling 535-537 

plate supply by-passing, 535 

references, 543 

screen circuit decoupling, 537 

transformer-coupled amplifiers, 517-520 

see also under Amplifiers, a-f, trans- 
former coupled, 
transients and pulses, 540-541 

rectangular pulses, 540-541 

references, 543 

transient distortion in amplifiers, 540 
unbypassed cathode resistor, 327-329 

Amplifiers, cathode degenerative, 327-330 

Amplifiers, feedback — see under Feedback. 
Amplifiers, intermediate frequency, 1020-1071 
cathode resistor, unbypassed, use of, 330, 1064 
commonly used circuits, 1022-1025 

composite i-f, F-M/A-M, 1024-1025 

crystal filters, variable bandwidth, 1050-1061 
behaviour of equivalent circuit, 1050-1051 
design of, 1053-1061 

crystal constants, 1056-1057 

example, 1057-1061 

gain, 1053-1054 

gain variation with bandwidth, 1054 
overloading arising from, 1121 

position in receiver, 1057 

selectivity, 1055-1056 

types other than bridge, 1057 

damping due to diode circuits, 1036, 1074, 
1077-1078 
degenerative cathode impedance, 330, 1064 
design methods, 1025-1048 

calculation of coupling coeffici- 
ents, 414-416, 419-421, 1043-1048 
critically-coupled transformers, 1026-1031 
design and table, 1026-1030 

k-measurement, 1025, 1030-1031 

f-m i-f transformers, 1037-1041 

general, 1025-1026 

i-f transformer construction, 1041-1043 
over-coupled transformers, 1031-1034 

design and table, 1031-1033 

k-measurement (when k is high) 

1033-1034, 1102 
under-coupled transformers and single- 
tuned circuits, 1034-1037 
single-tuned circuits, 1034-1035 
under-coupled transformers, 1035-1037 
detuning due to a.v.c, 1061-1064 
causes of, 1061-1062 
reduction of effects, 1062—1064 
diodes, valves incorporating three, 1024 
distortion, 1067-1069 
in a-m i-f stages, 1067-1068 



Amplifiers, intermediate-frequency (continued) 
in f-m i-f stages, 1068-1069 

in f-m receivers, 1022, 1024, 1290-1292 

in portable battery receivers, 1021 

in short-wave receivers, 1022 

intermediate frequencies commonly ac- 
cepted, 1021 
intermediate frequency, choice of, 1020-1021 
limiters, 1023, 1040 
mixed coupling, 1025, 1044-1048 
modulation hum in, 1119 
mutual inductance coupling, 1023, 1025-1041, 
1046, 1048-1050 
neutralizing, 1065-1067, 1291 
number of stages, 1021-1022 
ratio detector, 1022, 1024, 1095-1105 
references, _ 1069-1071 
regeneration or degeneration due to 
coupling between diode detector and 
signal grid, 1081 
selectivity of, 1026-1028, 1031-1033, 
1035-1037 
shunt capacitance coupling, 1023-1024 
sliding screen, effect on distortion, 1067 
sliding screen, effect on gain, 28-29 
stability and instability, 1065-1067, 1116 
criterion for choice of valve, 1065 
stage gain, maximum, 1028, 1032, 1036 
stagger tuning, 1026 
transformers, i-f, see also under Trans- 
formers, i-f. 
valve characteristics and loadlines, 28 
variable (expanding) selectivity, 455-456, 
1048-1050 
automatic, 1049-1050 
Amplifiers, pre-, see under Pre-Amplifiers. 
Amplifiers, radio frequency (Chapter 

23), 912-946 

aerial stages, 912-913, 915-922 

aerial coupling, 912-913 

aerial coupling, car radio, 1276-1277 

capacitance coupling, 921 

difficulties involved, 915 

fixed tuned aerial stages, 921 

F-M receivers, 1287-1288 

general summary, 921-922 

generalized aerial coupling units, 915-916 

loop, directly tuned, 921-922 

mutual inductance coupling, 916-920 

aerial coil gain, 916-917, 920 

coefficient of coupling, 918-920 

selectivity, 917-918 

three special cases for the aerial 

coupling transformer, 918-920 

tapped inductance aerial transformer, 

920-921 

gain and selectivity, 920 

input loading, minimizing, 921 

degenerative cathode impedance, 330, 

933-934 

distortion in, 944-945 

cross modulation distortion, 945 

modulation envelope distortion, 944-945 

image rejection, 925-927 

due to aerial stage, 926 

meaning of, 925-926 

other considerations, 926-927 

introduction, 912-915 

design considerations, 914-915 

references, 945-946 

r-f amplifiers, 913-914, 922-925 

choke-capacitance coupling, 924 

F-M receivers, 915-946, 1287-1289 

grounded grid stages, 529, 592, 925 

gain, voltage, 925 

load impedance, optimum, 925 

noise factor, 925 

resistance loading, 925 

mutual inductance coupled, 922-923 

coefficient of coupling, 923 

high impedance primary, 923 

low impedance primary, 922 

stage gain, 323 

top capacitance coupling, 923 

parallel tuned circuit, 923-924 

gain, 924 
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Amplifiers, radio frequency (continued) 

reasons for using r-f stage, 922 

untuned and pre-tuned stages, 924-925 
sliding screen, effect on gain, 28-29 

stability in, 942-94£ 1116 

causes of instability, 942-943 

inter-electrode capacitance coup- 
ling, . , 943-944 
TnaTrJ Triiim permissible grid-plate 
capacitance for stability, 943 
summary, 944 
tuning methods, 913 
valve and circuit noise, 935-942 
conclusions, 942 
equivalent noise resistance, 783, 937-938 
induced grid noise, 939-940 
shot effect noise, 783, 787, 936-938 
thermal agitation noise, 935-936 
total noise calculations, 940-942 
valve input admittance, effects of, 927-934 
general considerations, 927-928 
determination of loading effects, 

experimental, 927-928 

figure of merit for valves, 927 

valves with two cathode connections, 928 
input loading of receiving valves at 

radio frequencies, 928-934 

detuning, reduction of, 933-934 

input capacitance, change in, 932-933 

input conductance, 929 

input conductance, cold, 929-930 

input conductance, hot, 930-932 

unbypassed cathode resistance, 

effect of, 933-934 

Amplitude, critical, in recording, 704, 708 

Amplitude discriminator, 1088 

Amplitude limiting, 1088, 1090, 1095, 1098, 

1099 

Amplitude modulation, 405 

Amplitude of modulation in recording, 

peak, 702-703, 709 

Amplitude recording, constant, 703-704, 727 
Amplitude rejection 

by gated beam discriminator 6BN6, 1293 
by detector, 1293 

see also under Limiters, amplitude, 
by ratio detector, 1095-1096, 1103-1104 
testing any type of detector, method of 

measurement, 1104 

testing F-M receivers, 1318 

testing, standard signal generator for, 1316 
Angle, phase, 139-140 

Angles, measures of, 1330 

Angles of a triangle, 272 

Angles of any magnitude, trignometrical 

relationships, 276 

Angstrom unit, 404, 1329 

Angular velocity, 278 

Angular velocity, definition, 1398 

Anode, 2 

Anode current, 2, 6 

(see also under Plate current). 
Anode, definition, 1398 

Anode-grid 9 

Anode resistance — see under Plate re- 
sistance. 
Antennas — see under Aerials. 
Antinode, definition, 1398 

Anti-resonance, 151 

Approximations, 258-259, 271-272 

Approximations, use of Binomial Theorem 

for, 268-269 

Arc sine, arc cos, arc tan etc., 277 

Arcing, 3 

Arcing in rectifier valves, 100 

Area, cooling, for power transformers, 237 
Area of receiving aerial, effective, 893-894, 896 
Area, units of, 1329 

Areas by integration, 296 

Areas, calculation of, 274-275, 280, 296 

Argand diagram, 284 

Arithmetic and the slide rule, 255-259 

Arithmetic, short cuts in, 258-259 



Arithmetical mean, 266-267 

Arithmetical-mean tracking 1010, 1014-1017 
Arithmetical progression, 266-267 

Arm of network, definition, 159 

Arm, series, 159 

Arm, shunt, ' 159 

Armature of pickup, 702 

Articulation index, 629 

Articulation of speech, 628-629, 630 

Asymmetrical, definition, 1398 

Atmosphere, pressure due to, 1330 

Atomic structure, references to, 12 

Atoms, 1 

Attack time of peak limiters, 682-683, 684 
Attenuation and phase angle characteris- 
tics, 360, 361 
Attenuation and phase angle, relationship 

between, 359-364 

Attenuation band of filter, 180 

Attenuation, bass — see also under Bass 

attenuation. 
Attenuation, bass, with enclosed cabinet 

loudspeakers, 844-845 

Attenuation between transmitter and re- 
ceiver, 896-900 
Attenuation characteristics and subsidiary 

voltages, summation of, 372-375 

Attenuation characteristics of multistage 

amplifiers, 541 

Attenuation characteristics, r.c. filters, 173-176 
Attenuation characteristics, r.c.c. triodes, 

incomplete cathode by-passing, 484-485 
Attenuation characteristic, total slope of, 362 
Attenuation, definition, 1398 

Attenuation expressed as time constant, 638 
Attenuation (gain/frequency) characteristic 
r.c.c. pentode, 512 

r.c.c. pentode with incomplete cathode 

and screen by-passing 498-500 

r.c.c. pentode with incomplete cathode * 
by-passingi 499-501 

r.c.c. pentode with incomplete screen 

by-passing, 496-497 

r.c.c. triode, 494-495 

Attenuation in tone control, definition, 636 

Attenuation of radio waves due to earth, 896-900 

Attenuation, ultimate, 174, 359-364, 637 

Attenuators, 794-798 

electronic, 389, 797-798 

ladder, 796-797 

multiple section, 796-797 

potentiometer type ' (volume controls), 794 

single section, constant impedance, 795 

single section, constant impedance, one 

direction, 795-796 

use of, in receiver testing 1299 

Audak Polyphase pickup, 719 

Audibility curves for the ear, 606, 620, 621 
Audioa.v.c, 1113-1114, 1120, 1127, 1128, 1142 
Audio a.v.c, public address, 693 

Audio frequency, definition, 1398 

Audio frequency transformers — see under 

Transformers, a-f. 
Auto-transformers, _ 200 

Auto-transformer coupling, 520 

Automatic frequency-compensated tone 

control, 672-674 

Automatic frequency control, 1150-1160 

electronic reactances, 1151, 1156-1160 

Miller effect circuits, 1157 

quadrature drcuitsy 1157-1160 

design procedure, 1159-1160 

references, _ 1160 

resistance in series with capacit- 
ance, 1156-1157 
frequency discriminators, 1151, 1152-1156 
Foster-Seeley (phase), 1153-1156 
discriminator transformer, de- 
sign, 1154-1156 
equivalent circuit, 1154 
references, 1160 
Round-Travis, 1153 
ratio detector, a.f.c. voltage from, 1098 
use in F-M receivers, 1289, 1293 
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Automatic gain control — see under Auto- 
matic volume control. 
Automatic record changers, 705-706, 727 

Automatic variable selectivity, 1048-1050 

Avoirdupois, 1329 

Automatic volume control, 1105-1125, 

1229-1334 
a.v.c. characteristics, conventional, 

1113-1114, 1117-1118 
a.v.c. characteristics, preferred, 1229-1234, 
1251-1252 
a.v.c. characteristics, Scroggies, 1114, 1232 
a.v.c. characteristics, tests for, 1307, 1318 
a.v.c. voltage from primary of i-f trans- 
former, 1074, 1077-1078, 1234 
effect on a.c. shunting across detector 

diode, 1074 

effect on damping of primary, 1077-1078 

amplified a.v.c, 1112-1113, 1263 

audio a.v.c, 1113-1114, 1118, 1120, 1127, 

1128, 1142 

bass frequency anti-modulation, 1116 

battery receivers, use in, 1269, 1271 

battery valves, special considerations 

with, 1114-1115 

circuit for 3/4 valve receiver, 1257 

communication receivers, use in, 1262-1263 

delayed a. v.c, 1106, 1111, 1113, 1114, 1232 

design methods, 1120-1125 

detuning due to, 927, 928, 932-934, 993, 

1061-1064, 1112 

reduction of effects, 1062-1064 

differential distortion, 1074,1107,1108,1113 

circuits to eliminate, 1108, 1113 

disconnected for heterodyne reception, 961 

distortion due to insufficient by-passing, 1314 

dual a.v.c. system, 1108 

effect on input capacitance, 927, 928, 932-934, 

971, 978, 984, 1061-1062 

effect on input conductance, 1062 

effect on input loading, 971 

effects of contact potential in diode, 1106, 

1108, 1118 

F-M receivers, use in, 1097, 1099, 1112, 

1288, 1291-1296 

feed, parallel (shunt), 1109, 1110-1111 

feed, series, 1109-1110 

flutter due to, 1245-1246 

grid circuit resistance, maximum, 1 1 10-1 111 

modulation rise, 1112,1114,1117,1118,1232 

noise curve of receiver shown on a.v.c. 

characteristics, 1114, 1118, 1119, 1232, 1307 
oscillator frequency variation due to, 963, 

993-994 
public address a. v.c, 693 

quiet a. v.c. (muting), 1125-1130 

ratio detector, use with, 1097, 1099 

references, 1139 

reflex receivers, design for, 1142, 1258-1259 
short-wave operation, limitations on use 
with some converters, 975, 997, 998, 1000, 
1111-1112 
signal to noise ratio of receiver, effect 

on, 1108, 1114 

sinking diode circuit, 1108, 1117 

simple a.v.c, 1105-1106, 1111, 1115 

staggering of, 1107-1108 

tests on receivers, 1307, 1318 

time constant of filter circuits, 1105-1106, 

1109, 1115-1117, 1233 

charge, 1106, 1116-1117 

discharge, 1106, 1116-1117 

effect of too small time constant, 1233 

suitable values for, 1116 

vibrator-operated receivers, use in, 1271 

Average values by definite integrals, 297-298 

Average voltage, current, power, 134 

Axial leads, definition, 1398 

Axis, imaginary, 285 

Axis, real, 285 



B 

B-battery, definition, 1393 

B-supply, definition, 1398 

B.A. screw threads, 1389 

Back bias, grid circuit resistance with, 597 
Back bias, sources of, 597-598 

Back bias in power amplifiers, 547, 597-598 
Back emission, diodes, test for, 74, 100 

Background music in factories, 867 

Background noise — see under Noise. 
BafHes, loudspeaker, 842-851 

Baffles, loudspeaker flat, 842 

Baffles, loudspeaker vented, 845-850 

Baking of coils, 476-477 

Balanced armature loudspeaker, 831-832 

Balanced input voltage, 571 

Balanced output push-pull amplifiers with 

highly accurate balance, 527 

Balanced output transformer, 571 

Band, definition, 1398 

Band elimination filter, definition, 172 

Band-pass, definition, 1393 

Band-pass filters, definition, 172 

Band-spread, definition, 1398 

Band-spread receivers, design of, 1253-1256 
Band-spreading, design of oscillator for 
_ traddngwith, 1013-1017 

Band-width between peaks, 415, 416, 426 

Band-width, constant, in coupled tuned 

circuits, 420 

Band-width, critical, of noise, 621 

Band-width, definition, 1298 

Band-width requirements of F-M i-f 

transformers, 1037-1038 

Banded tone frequency test records, 752, 

u ~ 753-756 

Barretters, . 1213-1214, 1266 

Bass attenuation, 649-652 

by cathode resistor by-passing, 370, 484-485, 

. . £1 499-501, 649-650 

by constant * filters, 552 

by grid-coupling condensers, 173, 370. 

. _, 483-184, 495, 649-650, 661-662 

by M-denved filters, 552 

by negative feedback, 378-379, 651, 744-749 

by parallel - T network, 651, 744-749 

by RC network, 660-661 

by reactance shunting, 650 

by resonant primary with parallel feed, 

360, 519-520, 645, 650 
by screen by-passing, 370, 496-500, 650 
by step-type control, 660-661 

rumble filters, 744-749 

to provide special attenuation charac- 
teristics by feedback, 671-672 
with enclosed cabinet loudspeakers, 844-845 
Bass boosting, general, 640-648, 1234-1239 
automatic frequency-compensated tone 
control — see under Tone Compensa- 
tion, 
circuits involving feedback, 336, 347. 379 
645-647, 669-671, 734-736, 741, 748-75l' 
r Jf _ 1235-1239 
negative current feedback, 645-646 
simple circuits with decreased feedback 
at bass frequencies, 646-647 
definition, 1398 
effect on distortion, 606, 636-637 
effect on loudness, 540 
effect on overloading, 540 
in reflex receivers, 1141, 1146 
methods incorporating resonant cir- 
cuits, .644-645, 666-667, 736 
parallel resonant circuits, 644-645 
series resonant circuits, 545 
transformer primary resonance 
(parallel feed), 519-520, 645 
methods not involving resonance or 

feedback, 640-644, 660-661, 664 

733-734, 739-740, 1234-1235 

continuously variable boosting, 642-643 

644, 664, 667-668, 739-740 

conventional circuit (plate shunt 

compensation), 640-643, 660-661, 

733-734 
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Bass boosting, general (continued) 

frequency characteristics, 641-643 

grid series compensation, 643 

multiple channels, 739-740 

plate series compensation (plate de- 
coupling), 536, 643-644 
methods used for record reproduction, 

732-736, 739-741 
methods used in A-M receivers, 1234-1239 
regeneration due to negative resistance, 648 
step-type control, 660-662 

Bass, definition, 1398 

Bass frequency anti-modulation in re- 
ceivers, 1116 
Bass reflex loudspeaker, 845-850 
Bass resonant frequency of loudspeaker, 836, 
837-841, 844-845, 848-849 
Bass response in high-fidelity sound 

systems, importance of improved, 631 
Bass, synthetic, 616, 676 

Batteries, dry, characteristics of, 1272-1274 
Batteries, dry, rechargeable, 1274 

Batteries in series and parallel, 129 

Battery end-of-life tests on receivers, 1313 
Battery operation, valve ratings for, 78, 79, 80 
Battery valves, a.v.c. with, 1114-1115 

Beam power amplifiers, power output and 

distortion vs. load resistance, 570 

Beam power amplifiers, push-pull Class A, 

ABi, 583-587 

Beam power valves, 8, 569 

Beam power valve characteristics, specific 

tests for, 101-108 

Beam-width of aerials, 894 

Beat frequency oscillators, 954, 960-961, 1263 
Beating, definition, 1398 

Beat-note component of co-channel inter- 
ference. 1317 
Bels and decibels, 806-823 
BH characteristics, 230 
Bias and screen stabilized amplifier, 593-594 
Bias, back, sources of, 597-598 
Bias, cathode — see under Cathode bias. 
Bias, contact potential, 1280-1281 
Bias, control on power amplifiers, auto- 
matic, 572, 600 
Bias, definition, 1398 
Bias, diode, 1280, 1281 
Bias, fixed, r.c.c. pentodes, 501-502, 506 
Bias, fixed, r.c.c. triodes, 487-489 
Bias, fixed, sources of, 597 
Bias, grid leak, 489, 786, 1280-1281 
Bias, optimum, r.c.c. triodes, 487-488 
Bias, r.c.c. triodes, comparison between 

cathode and fixed, 488 

Bias, self — see under Cathode bias. 
Bias sources in battery receivers, 1269 

Bi-directional microphones, 779-780 

Bifilar transformer windings, 594, 595 

Bilateral elements, 159 

Binomial series and theorem, 268-269 

Binomial theorem, use for approxima- 
tions, 268-269 
Biphase half-wave rectification, 7, 1161 
Bleeder resistor, definition, 1398 
Blocking, definition, 1398 
Blocking, grid, 21, 84, 1110 
Blocking, grid, tests for, 107, 113 
Blocking interference, 1304 
Blue glow, 4 
Bode's method of feedback amplifier de- 
sign, 365-366, 367-369 
Bogie, definition, 1399 
Boiling point of water, 1334 
Boltzmann's constant, 935, 1308, 1376 
Boonton converter oscillator test circuit, 112 
Boosting, bass — see under Bass boosting. 
Boosting in tone control, definition, 636 
Boosting, treble — see under Treble boost- 
ing. 
Bottom bend of valve characteristics, 57 
Bottom bend rectification, 1084-1085 
Brackets in algebra, use of, 261-262 
Bradley F-M detector, 1088 
Branch of network, definition, 159 
Bridge-balanced direct-coupled amplifiers, 533 



Bridge circuit direct-coupled amplifiers, 530 
Bridge feedback — see under Feedback. 
Bridging amplifier, gain of, 810-811 

Bridging gain, 810-811 

Brierley ribbon pickup, 722 

Briggs system of logarithms, 267 

Brockelsby's method of designing feed- 
back amplifiers with flat frequency 
response, 382-385 

Bubbling in receivers, 1141, 1142 

Bucking, definition, 1399 

Build of winding in transformers, 236 

Bulb diameters, maximum (footnote), 97 

Bulbs, 5 

Bunet's formula for inductance of coils, 443 
Buzz, 715, 722, 759 

By-pass condenser, definition, 1399 

By-pass condensers, series resonant, 944, 1289, 

1291 
By-passing radio or ultrasonic frequencies 

in a-f amplifiers, 636 

By-passing — see under Plate, Screen, Grid, 
Cathode, etc. 



C-battery, definition, 1399 

C.G.S. electromagnetic system, 1331, 1332 

C.G.S. electrostatic system, 1331, 1332 

Cabinet, design of, 850, 1248-1249 

Cables, battery, colour codes, 1344 

Calculus, differential and integral, 289-299 

Candle, measure of light intensity, 1334 

Cans for i-f transformers, 1043 

Capacitance, general, 134-140 

calculation of, cylindrical condenser, 136 

calculation of. parallel plates- 135-136 

coupled aerial transformer, 921 

coupling, interelectrode, 943-944 

coupling, shunt, in i-f transformers, 

1023-1024 
coupling, top, in r-f amplifiers, 923 

distributed, across coils, measuring, 

1325-1326 
grid-cathode, published values of, 56 

grid input, 49-53 

grid input, components of, 51 

grid-plate, _ 7 

grid-plate, maximum permissible for 

stability, 943 

heater-cathode, effect of variation in, on 

Hartley oscillator, 957, 959 

input capacitance, effect of space charge 

on, 51 

input, of cathode follower, 323, 325 

input, of high-mu r.c.c. triodes, 656 

input, of i-f pentodes, effect of neutral- 
ization on, 1063 
input, of pentodes, published values of 56 
input, of pentodes with feedback to 

screen, 345 

input, of receiving valves at radio fre- 
quencies, change in, 927, 932-933 
interelectrode, 73 
interelectrode, effect of, 7, 46, 51, 53, 69 
interelectrode, ratings, 75 
interelectrode, tests for, 73, 95-99 
output, of cathode follower, 323-324, 325 
resistors, of, 189 
self, of coils, 451-453 
self, of coils, measurement of, 453 
self, of short-wave coils, 472-474 
short-circuit input, change with a.v.c, 

927, 928, 932-934, 971, 978, 984, 1061-1062 
short-circuit input, change with trans- 
conductance, 55 
timing, for vibrators, 1207-1209 
units of, 1332 
Capacitive coupling within valve, hum due 

to, 788, 1196-1197, 1198 

Capacitive reactance, _ 138 

Capacitive reactance, sign of, 50 

Capacitive susceptance, sign of, 50 

Capacitor (condenser), 134 

see also under Condenser. 
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Capacitor, definition, 1399 

Carbon microphones, 775, 777-778 

Carbon resistors, characteristics of, 186 

cracked, characteristics of, 186, 190 

Cardioid microphones, 780 

Carrier frequency, definition, 1399 

Carrier wave, definition, 1399 

Cartesian coordinates, 279 

Cascade, definition, 1399 

Cascode amplifiers, 533-534, 914 

Catenoidal horn loudspeakers, 854 

Cathamplifier, Parry, 586 

Cathode and screen by-passing, r.c.c. 

pentodes, incomplete, attenuation 

and phase shift chracteristics, 498-501 

Cathode bias in power amplifiers, 547, 552-553, 

565-566, 582, 585 

Cathode bias loadlines, r.c.c. triodes, 29-30, 

486-487 
Cathode bias operation, determination of 

maximum grid circuit resistance, 82-84 
Cathode bias, r.c.c. triodes, 484-487 

Cathode bias resistor, r.c.c. pentode, de- 
termination of, 505-506 
Cathode bias resistor, r.c.c. triodes, choice 

of, 486 

Cathode bias, single Class A pentodes, 565-566 
Cathode bias with push-pull Class A, 

ABi, 582, 585 

Cathode by-passing, attenuation slope and 

phase angle, 360 

Cathode by-passing, incomplete, effect 

on hum, 786 

Cathode by-passing of r.c.c. pentodes, 
incomplete, attenuation characteris- 
tics, 499-501 
Cathode by-passing of r.c.c. triodes, in- 
complete, attenuation characteris- 
tics, 484-485 
Cathode by-passing of r.c.c. triodes, in- 
complete, phase shift, 485—487 
Cathode by-passing of single Class A 

triodes, 554 

Cathode connections, two, valves with, 928 
Cathode-coupled amplifiers, 348, 529, 531 
Cathode-coupled phase inverter, 347-348, 532 
Cathode current, average, maximum, 75 

Cathode current characteristics of pen- 
todes, 16-17 
Cathode current, definition, 1399 
Cathode current, p^ak, maximum, 75 
Cathode current, total available peak and 

average, 73 

Cathode current — see also Space current. 
Cathode definition, 1399 

Cathode degenerative amplifier, 327-329 

Cathode emission — see under Emission. 
Cathode follower, 316-327 

Cathode follower as driver for Class B 

stage, 591, 596 

Cathode follower as low-noise pre-ampli- 

fier input stage, 789-790 

Cathode follower as transformerless 

driver, 591, 596 

Cathode follower, direct-coupled, 531 

Cathode follower power amplifiers, 596 

Cathode injection circuit for converters, 969 
Cathode loadlines, 29-30 

Cathode neutralization in a-f circuits, 1285 
Cathode resistor, unbypassed, in r-f and 

i-f amplifiers, 933-934, 1064, 1288, 1292 
Cathode resistor, unbypassed, to give 
compensation of input capacitance 
change with grid bias, 56 

Cathode resistors in push-pull voltage 

amplifiers, 527 

Cathode to heater leakage — see under 

Heater to cathode leakage. 
Cathodes, general, 4, 5 

activation of, 69 

as negative electrode, 2, 80 

directly heated (filaments), 4-5 

on a.c. supply, 6 

indirectly heated, 4-5 

ion bombardment of, 3 



Cathodes, general (continued) 

oxide coated, _ 2 

low temperature operation, 3 

temperature of, 2 

sleeve, 2, 5 

thermal expansion of, 51 

valves with two or more cathode leads, 928 

virtual, 3, 70, 71, 973, 978, 986 

Cells (batteries) in series and parallel, 129 

Celsius, 1334 

Centigrade, 1334 

Centimetre, unit of length, 1329, 1331, 1332, 

1333 
Centre tracking frequency, 1004 

Ceramic dielectric condensers, 196 

Ceramic piezo-electric microphones, 779 

Change in operating conditions, effect 

of, 26, 42-44 

Changes in filament and plate voltages in 

d.c. amplifiers, compensation for, 533 
Changes in supply voltage, effect on os- 
cillator frequency variation, 949, 953, 955 
Channel, definition, 1399 

Characteristic curves, valve, _ 15-24 

see also under Valve characteristic curves. 
Characteristic impedance of aerial, _ 903 

Characteristic impedance of 4-terminal 

networks, 179 

Characteristics — see under Valve charac- 
teristics, etc. 
Charge on condenser, energy stored in, 135 
Charge, units of, 1332 

Charging characteristic of condenser, 136-137 
Charts, tables and sundry data, 1329-1423 
Chatter (needle talk), 714, 718, 719, 760, 762 
Chemical and physical constants, _ 1376 

Choke-capacitance coupling in r-f ampli- 
fiers, 924 
Choke coil, definition, 1399 
Choke-coupled a-f amplifiers, 521 
Choke-coupled power amplifier, Class A 

triode, 559-560 

Choke input filters for rectifiers, 1162-1164, 
1167-1169, 1182-1185 
Choke, swinging, 249-250, 1182 

Chokes, r-f, checking resonant frequencies, 944 
Chokes, r-f, design of, 474—475 

Chokes, r-f, self resonant, 475 

Chokes, r-f, pie-wound, 474 

Circuits used for tracking analysis, 1002 

Circular mil, 1329 

Circle, 273 

Circle, equation to, 280 

Clippers, speech, 693-694 

Closure, percentage, of vibrator, 1208 

Co-axial and co-planar loudspeaker 

mounting, 860 

Co-axial, definition, 1399 

Co-channel interference in F-M re- 
ceivers, tests for, 1317-1318 
Coefficient of coupling in tuned circuits — 

see under Coupling factor. 
Coercive force, 231 

Coil data (table) for power transformers, 240 
Coil design, oscillator, 947-957, 959-960 

Coil magnification factor, 144 

Coil, oscillator, position in receiver, 957 

Coils 

baking of, 476-477 

flash dipping of, 477 

i-f, air-cored, design of, 453-454, 1041-1043 

i-f, amount of coupling, 458 

i-f, direction of winding, 458 

i-f, iron-cored, design of, 454-455, 1041-1043 

impregnation of, 477 

measurements on, 1325-1326 

coefficient of coupling, 1025, 1030-1031, 

1033-1034, 1102 

distributed capacitance across coils, 

1325-1326 
primary resonant frequencies of aerial 
and r-f coils, 1325 

medium wave-band, air-cored 459-460 

medium wave-band, design of, 459-463 

medium wave-band, iron-cored, 460—461 
multilayer, design of, 443-444 
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Coils (continued) 

multilayer, inductance of, 441—444 

r-f, design of, 450-180 

r-f, self-capacitance of, 451—453 

short wave, aerial primary windings, 474 
short wave, design charts, 466—473 

short wave, design of, 463-468 

short wave, matching, 468-471 

short wave, self-capacitance, 472—474 

tropic proofing of, 476-478 

universal, gear ratios for, 456-457 

universal, inductance of, 444 

see also Inductors, Solenoids. 
Colpitts oscillator, 952-953 

Colour codes, 1335-1344 

cables, battery, 1344 

capacitors, ceramic dielectric, 1341 

capacitors, metallized paper, 1344 

capacitors, moulded mica, 1340-1341 

loudspeakers, 1343 

resistors, fixed, 1335-1336 

transformers, a-f, 1342 

transformers, i-f, 1342 

transformers, output, 1342 

transformers, power 1342-1343 

wiring, chassis, 1343-1344 

Common logarithms, 267 

Communication receivers — see under Re- 
ceivers, communication. 
Commutator, 129 

Compensated diode detector, 1074 

Compensation for changes in filament and 

plate voltages in d-c amplifiers, 533 

Compensation for drift in valve charac- 
teristics in d-c amplifiers, 533 
Compensation, grid series, 643 
Compensation, plate series 536, 643-644 
Compensation, plate shunt, 640-643, 660-661, 

733-734 
Compensation of input capacitance change 
with bias change, value of cathode 
resistor for, 56 

Compensation theorem, 166 

Compensators (trimmer condensers), 197 

Complementary angles, 272 

Complex algebra, 285-287 

Complex algebra with polar coordinates, 

286-287 
Complex algebra with rectangular co- 
ordinates, 285-286 
Complex quantities, 139, 140, 285-287 
Complex quantity, absolute magnitude 

(modulus) of, 140, 285 

Complex quantity, real and imaginary 

parts of, 140, 285 

Compliance at stylus tip, 712, 717-722 

Compliance, definition, 1399 

Compliance in cone suspension, 83(> 

Composite characteristics, 574H577 

Composite i-f transformers, F-M/A-M, 

1024-1025 
Composite loadlines, 576 

Composition resistors, characteristics of, 186 
Compression characteristics, 682, 684 

Compression of speech, 684 

Compression ratio, 682 

Compression, volume, 679-681, 681-684 

Concentric folded horns, 856-857 

Condenser (capacitor), 134 

Condenser charge and discharge charac- 
teristics, 136-137 
Condenser, coupling, of r.c.c. amplifier, 

483-484, 496 

Condenser, definition, 1399 

Condenser input filters for rectifiers, 1161-1163, 

1165-1167, 1169, 1170-1182 

Condenser loudspeakers, 832 

Condenser microphones, 778 

Condensers, characteristics of, 191-198 

ceramic dielectric condensers, 196 

colour codes, 1341 

standard ceramic dielectric capacitors, 

1352-1354 
combination units, 197 

compensators, 197 



Condensers, characteristics of (continued) 
electrolytic, 192-194 

ambient temperature, 193 

capacitance tolerances, 192 

dissipation factor, 193 

dry types, 192-193 

etched foil anodes, 192, 193 

plain foil electrodes, 192, 193 

reversible, 193 

tantalum electrodes, 192 

effect of being left idle, 193 

effect of frequency on capacitance, 192 
effect of temperature on capacitance, 192 
leakage currents, 193 

power factor, 193 

ripple current ratings, 193-194, 1358 

ripple current through, 1181-1182 

self-healing properties, 193 

series operation, 193 

series resistance, 192 

standard electrolytic capacitors, 1357-1358 
surgeproof types, 193 

use as first filter condensers, 193 

wet types, 193 

use as voltage regulators, 193 

gang condensers, 197,1289 

standard variable capacitors, 1354-1356 
vibration of plates, 958-959 

metallized paper dielectric condensers, 195 
colour codes, 1344 

standard metallized paper dielectric 
caDacitors, 1357 

mica dielectric condensers, 196 

colour codes, 1340-1341 

standard fixed mica dielectric capaci- 
tors, 1351-1352 
paper dielectric condensers, 194-195 
standard fixed paper capacitors in 

tubular non-metallic cases, 1347-1349^ 
standard metal encased fixed paper 
dielectric capacitors for d.c. ap- 
plication, 1349-1351 
references, 198,-1358-1360 
r-f by-pass, checking by Q-meter, 944 
service life, 192 
shunting large condensers by small ones, 

effects of, 959 

silvered mica dielectric condensers, 196 

applications in receivers, 1023, 1041 

summary of characteristics, 191 

trimmer condensers, 197, 1356 

variable, tuning — see above under 

gang condensers. 

Condensers, ideal, 136 

Condensers in a.c. circuits, 137-140 

Condensers in d.c. circuits, 136-137 

Condensers in parallel and series, 135 

Conductance, definition, _ _ 14 

conversion transconductance, definitions, 14, 

109 
conversion transconductance of conver- 
ter valves, 966-967 
conversion transconductance of modu- 
lator or mixer valves, 964-966 
grid variational, 20 
input, of receiving valves at radio fre- 
quencies, 929-932 
input, variation with a.v.c. 1062 
input, signal grid, of frequency con- 
verters, 976-978, 980-981, 982, 985-986, 
987-988 
mutual, definition, 14 
mutual, graphical determination of, 15, 16, 17 
mutual — see also Transconductance 

grid-plate, 
mutual, tests for, 74, 103-104, 113, 123, 124 
mutual, triode, of pentode, 34 

of arms and networks, 153-154 

plate, definition, 14 

plate, testing of, 124 

short-circuit input, typical values of, 55, 
1028, 1029 
Conductance and susceptance from re- 
sistance and reactance, chart for de- 
termining, 155, 156 
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Conductance, grid input, 49-53 

Conductance in resistive circuits, 133 

Conductance, signal grid input, of con- 
verters, 976-978, 980-981, 982, 987-988 
Conductance, units of, 1332 

Conducting materials, properties of, 1374 

Conductivity of earth, 896-900 

Conductivity, units of, 1332 

Cone movement, amplitude of loudspeaker, 834 
Cone, volume of, 275 

Cones, practical loudspeaker, 834, 835-836, 

839 
Conical horn loudspeakers, 851, 854 

Conjugate impedances, 165 

Connections to valve sockets, 80, 81 

Connoisseur pickup, 718 

Constancy of characteristics with feed- 
back, 388 
Constant amplitude recording, 703-704, 727 
Constant bandwidth, coupled tuned cir- 
cuits, 420 
Constant current curves, 22-23 
Constant, definition, 1399 
Constant * filters, 179-182 
Constant velocity recording, 703-704, 727 
Constants, chemical and physical, 1376 
Constants in algebra, 265 
Consonance, definition, 1399 
Contact potential 

biasing, 1280-1281 

diode, effects of, 1079, 1080, 1082, 1106, 

1108, 1118 

drift during life, 23-24, 84, 533 

grid-cathod=, 18, 20, 39, 69, 70 

Continuity, 265-266 

Continuity of electrodes, tests for, 73, 91-93, 123 

Continuous functions, 265-266 

Convergent infinite series, 268 

Conversion, English to metric units, 1329-1330 

Conversion factors applied to complete 

r.c.c. stage, 512 

Conversion factors, valve, 36-40, 57, 493, 511, 

568 
Conversion transconductance, definitions, 14, 

109 
Converter, definition, 1399 

Converters, frequency — see under Fre- 
quency converters. 
Coordinates, 279 

Coordinates, Cartesian, 279 

Coordinates, polar, 283 

Co-planar, definition, 1399 

Copper oxide rectifiers, 1169 

Copper, temperature coefficient of re- 
sistivity, 237 
Core, definition, 1399 
Core materials for transformers, 206-209, 210, 

214 
Cores, i-f and r-f — see under Inductors, 

r-f ; Iron cores. 
Cores, transformer — see under Trans- 
formers, practical, a-f, output, power ; 
also under Inductors, iron-cored. 
Corner horns, 856 

Corrugations in loudspeaker cones, 835, 839 
Cosecant of an angle, 272 

Cosine of an angle, 272, 275 

Cosine wave, 278 

Cosmic rays, wavelength of, 404, 1363 

Cotangent of an angle, 272 

Coulomb, measure of charge, 1332, 1333 

Counter-modulation in receivers, 1264 

Coupling between oscillator and signal 

circuits in converters, 973, 974-975, 980, 

988, 992, 994, 1000 

Coupling between two coils, 142 

Coupling, coefficient of, 142 

Coupling condenser of r.c.c. amplifier, 483-484, 

496 

Coupling factor (coemcieni), 142 

critical, 415, 426 

in aerial transformers, 918-920 



Coupling factor (continued) 

in i-f transformers, 416, 1023-1024 

calculation of, 414-416, 419-421, 

1023-1024, 1043-1048 

measurement of, 1025, 1030-1031, 

1033-1034, 1102 

in phase discriminator transformers, 1090 

in r-f transformers, 923 

of tuned circuits, 413-426 

transitional, 416, 1031 

Coupling, mixed, in i-f transformers, 1025, 

1044-1048 
Coupling of tuned circuits, 418-421 

Coupling, unity, 142 

Cracked carbon resistors, characteristics 

of, 186, 190 

Creeping plate current in power amplifiers, 596 
Critical bandwidth of noise, 621 

Critical coupling factor, 415, 426 

Critical damping, conditions for, in feed- 
back amplifiers, 385-388 
Critically coupled i-f transformers, 1026-1031 
Cross-coupled phase inverter, 527, 663-664 
Cross-coupling in push-pull amplifiers, 528 
Cross-modulation, definition, 1399 
Cross-modulation, external, 945, 1264 
Cross-modulation in r-f and i-f amplifiers, 

927, 945, 1108, 1264, 1303 
Cross-over frequency in recording charac- 
teristics, 728 
Cross-over frequency, loudspeaker, choice 

of, 860-861 

Cross-over point, grid current, 19, 20 

Cross-over point, grid current, drift dur- 
ing life, 23-24 
Cross-talk component in F-M receivers, 1317 
Cross-talk in A-M receivers, 1304 
Crystal constants, 1056-1057 
Crystal detectors, 1136-1139 
Crystal filter as whistle eliminator, 675 
Crystal filters, variable bandwidth, 1051-1061 
behaviour of equivalent circuit, 1050-1051 
design of, 1053-1061 
crystal constants, 1056-1057 
example, 1057-1061 
gain, 1053-1054 
gain variation with bandwidth, 1054 
position in receiver, 1057 
selectivity, 1055-1056 
types other than bridge, 1057 
Crystal loudspeakers, 832 
Crystal microphones, 775, 778-779 
Crystal rectification, theory of, 1138 
Crystal triodes, 1138 
Cube, 275 
Cumulative grid detectors, 62, 1082-1084 
Current, alternating, 129—130 
Current and voltage, 128-130 
Current direct, 128-129 
Current, electric, as electron flow, 1, 2 
Current feedback — see under Feedback. 
Current flow, direction of, 128 
Current indicators, peak reading, 119 
Current leading voltage, 138 
Current regulators (barretters), 1213-1214, 1266 
Current sheet inductance, 429, 436-438, 

441-442 
Current, units of, 1332 

Currents in windings of power trans- 
formers, 236 
Curvature, radius of, in record, minimum 704 
Curve, average height of, 280 
Curve, finding equation to, 281 
Curve tracer methods, valve characteristics 

by, 119-120 

Curves, typical tracking, 1003 

Cuder tone control, 664 

Cut-off frequency, definition, 1399 

Cycle, 129, 278, 403 

Cycle, definition, 1399 

Cylinder, solid or hollow, 275 
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D 

Damped oscillations, 408, 424 

Damping, acoustical, to eliminate standing 

waves in loudspeaker cabinets, 843-845, 849 
Damping, compensated critical, in feed- 
back amplifiers, . 367 
Damping, critical, in feedback amplifiers, 365, 
367, 378, 385-388 
Damping due to positive grid current, 

r.c.c. amplifiers, 489 

Damping factor of oscillations, 408, 424 

Damping in loudspeakers, 833, 840-842, 

844-S45, 856 

Damping in loudspeakers, critical, 833, 840-841, 

844-845 
Damping, input circuit, 20, 70, 489, 1036, 1074, 
1077-1078, 1084 
Damping of circuits by valve admittances, 70 
Damping of feedback amplifier on tran- 
sients, 365-367, 382, 386 
Damping of i-f amplifier due to diode 

circuits, 1036, 1074, 1077-1078 

Damping of input circuits due to detec- 
tors other than diodes, 1084 
Damping of resonances in pickups, 716 
Damping of tuned circuits in tone control, 639 
Data, sundry, with tables and charts, 1329-1423 
db per octave and db per decade, table, 368 
dbm, 808 
dbv, 776, 808 
dbvg, 810 
Dead spots, 959 
Decades, octaves and frequency ratio 

(table), 368 

Decca ffrr type D pickup, 717-718 

Decibel expressed quantities, nomogram 

for adding, 821-822 

Decibels and bels 806-823 

Decibels of voltage gain, 810 

Decibels per octave, calculations in- 
volving, 637-638 
Decibels per octave, to convert to fre- 
quency ratio, 637-638 
Decibels, tables and charts, 813-821 
Decibels, voltage expressed in (dbv), 776, 
Decimal equivalents of fractions, _ 1404 
Decoupling filter in diode detector cir- 
cuit, 1073, 1080 
Decoupling in voltage amplifiers, 535-538 
Decrement, logarithmic, 408, 424 
De-emphasis characteristic in F-M re- 
ceivers, 1315 
De-emphasis curve with time constant 

75 microseconds, 638 

Definite integrals, 296-298 

Definitions, acoustical, 871-872 

Definitions, alphabetically arranged, 1398-1404 

bibliography, 1403-1404 

special groups, 159-160, 1297-1298, 1314- 

1315 
see also under individual subjects. 
Deflector (diffuser) for loudspeakers, 839, 858, 

1260 
Deformation, elastic, of record material, 706 
Degenerative coupling in a-f amplifiers, 535 
Degree, measure of angle, 1330 

Delay, definition, 1399 

Delayed a.v.c. 1106, 1111, 1113, 1114 

Demagnetizing of valves, 786 

Demodulation, 61 

Demodulation, definition, 1399 

De Moivre's theorem, 287-288 

Denominator, definition, _ 1399 

Derating curves of composition resis- 
tors, l 187, 1345, 1346 
Derivatives, 291 
Design-centre system of valve ratings, 9 
Detection, definition, 1399 
Detection, general, 61 

see also under Detectors. 

Detectors, A-M 1072-1087 

diodes, 1072-1082 

characteristic curves, 1075, 1076 

combined with i-f amplifier, 1081 



Detectors, A-M (continued) 

compensated diode detector, 1074 

conduction resistance, diode, 1079 

contact potential, effects, of, 1079, 1080, 
1082, 1106 
damping across i-f transformer, 1077—1078 
relation between secondary damp- 
ing and detection efficiency, 1077 
design, quantitative, 1075-1081 

detection efficiency, 1076, 1080-1081 

distortion, non-linear, 1072-1076, 1080- 
1081, 1106, 1107 
differential, 1074, 1107 

due to a.c. shunting, 1072-1076, 1082, 
1106-1107, 1133 
methods of overcoming, 1073-1074, 
1082 
equivalent diode circuit, 1078 

equivalent resistance, internal, 1079 

filter, r-f (decoupling), 1073, 1080 

loadlines, 1075 

modulation percentage applied to de- 
tector, 1078 
modulation ratio, critical, 1076-1077, 1081 
play-through, 1081, 1082 
regeneration or degeneration due to 
coupling between diode detector 
and i-f grid. 1081 
residual volume effect, 1081, 1082 
response (frequency) characteristic, 

1078-1080 
shunt capacitance, effect on detec- 
tion efficiency, 1080 
suppressor grid as, 22, 1257 
time constant, 1080-1081 
grid, leaky, 62, 1082-1084 
battery valves used as, 1083 
damping of input circuit, 1084 
distortion with, 1083 
grid, power, 1084 
damping of input circuit, 1084 
distortion with, 1084 
infinite impedance — see under Reflex, 
plate (anode bend), 57, 62, 508, 1084-1085 
bottom bend rectification, 57, 1084-1085 
pentodes, choke coupling with, 1085 
, top bend rectification, 508, 1084-1085 
references, H38 
reflex, 326, 1085-1086 
distortion, 1086 
input impedance, 1085-1086 
use in high fidelity t.r.f. receivers 1086 
regenerative, 1086-1087 
sinking diode circuit, 1108, 1117, 1257, 1295 
square law, 62 
superregenerative, 1087 
amplitude limiting with, 1087 
distortion, 1087 
measuring selectivity of superregen- 
erative receiver, 1087 
noise level, . 1087 
radiation from, 108 Z 
separate quenching, 1087 
use in cheap F-M receivers, 1087 
Detectors, crystal, 1136-1139 
fixed germanium, 1136-1137 
fixed silicon, ^^Z 
references, 1139 
theory of crystal rectification, 1138 
transistors (crystal triodes) 1138 
Detectors, F-M, 1088-1105, 1292-1293 
amplitude discriminator, 1088 
Bradley detector, 1088 
distortion, non-linear, 1088, 1104 
Fremodyne, 1088 
gated beam discriminator, 6BN6, 1293 
general principles, _ _ 1088 
limiting, amplitude — see under limiting, 

amplitude, 
locked oscillator, 1088, 1292-1293 

measurement of amplitude rejection 
properties of any type of detector, 
method for, 1104 

phase discriminator, 1088-1095, 1292-1293 
alternative arrangement, 1095 
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Detectors, F-M (continued) 

basic circuit, 1089 

design data and example, 1090-1095 

coefficient of coupling, transformer, 1 090 
discriminator characteristic, 1092 

discriminator sensitivity, 1090 

generalised curves, 1091 

lirniter-discriminator combination, 

1292-1293, 1296 
typical circuit arrangement, 1090 

voltage relationships, 1089 

<p detector, 1293 

ratio detector, 1088, 1095-1105, 1292-1293 
a.f.c. voltage from, 1098 

amplitude rejection by, 1095-1096, 1103- 

1104 

a.v.c, use of, 1099, 1293 

a.v.c. voltage from, 1097 

balanced circuit, 1098 

circuit, types of, 1098-1099 

circuits, practical, 1101 

design considerations, 1099-1101, 

1292-1293 

diodes for use with, 1099 

input/output curves, 1098, 1099 

measurements on, 1102-1105 

operation of, 1097 

output curve, typical, 1096 

unbalanced circuit, 1098-1099 

references, 1138, 1296 

types of detectors in common use, 1088 

Detuning due to a.v.c, 927, 928, 932-934, 

993, 1061-1064, 1112 

Detuning of r-f and i-f amplifiers by 

a.v.c., 927, 928, 932-934 

reduction of, by means of cathode re- 
sistance, 933-934 
Deviation sensitivity in F-M receivers, 1317 
Deviation sensitivity, maximum, in F-M 

receivers, 1317 

Diaphragm of horn loudspeaker, 854-855 

Dictaphone, 701 

Dielectric, 134 

Dielectric losses in coils, 465 

Dielectrics in oscillator circuit, require- 
ments for, 957 

Differential and integral calculus, 289-299 
Differential coefficient, 291 

Differential coefficients, partial, 293 

Differential distortion, 1074, 1107, 1108, 1113 
Differential gain of push-pull amplifier, 528 
Differential unbalance in push-pull am- 
plifier, 528 
Differential wear in records, 706 
Differentiating networks, 160 
Differentiation, 291-294 
Differentiation, partial, 293 
Differentiation, successive 292 
Differentiation, total, 294 

R-Sf'u- 256 

Diode bias, 1280, 1281 

JJiode detectors — see under Detectors, 

A-M. 

Diode line, definition, 591 

Diodes, general, 6_7 

back emission test, 74, ioo 

characteristics at low plate currents, 65 

characteristics, specific, tests for, 99-101 

contact potential, effects of, 1079, 1080, 

1082, 1106, 1108, 1118 

high perveance; applications of, 1098 

noise diodes, 1308, 1309 

plate current commencement voltage of, 84 

power (rectification), 1161-1191 

diode currents, determination of, 

1174-1176, 1183 
power, rectification, test for, 74, 99-100 
ratio detectors, for use with, 1099 

see also under Detectors, A-M. 
shunt diode bias supplies, 1188-1191 

signal, rectification test for, 74, 100 

valves incorporating three, 1024, 1295 

zero signal plate current test, 101 

Dipoles, 892-895, 898, 904-906, 908-911 
Dipping, flash, of coils, 477 



Direct-coupled a-f amplifiers, 529-534 

Direct-coupled amplifiers — see under Am- 
plifiers, audio-frequency. 
Direct current, 128-129 

Direct current (zero frequency) ampli- 
fiers, 529-534 
Direct current from rectified and filtered 

a.c. supply, 129 

Direct current generator, 129 

Direct current, pure, 129 

Direct current with superimposed ripple 

(or hum), 129 

Direct playback, 701, 766-768 

Direct radiator loudspeakers, 831-851, 860-864 
Direction of current flow, 128 

Direction of current flow, indications of, 130 
Directional characteristics of loupspeakers, 

834, 839-840, 856 
Directional characteristics of micro- 
phones, 779-780 
Directional pattern of microphones, stan- 
dard for, 781 
Directivity index of loudspeaker, 875 
Directivity index, loudspeaker loudness, 875 
Disc recording — see under Records, re- 
production from. 
Discharging characteristic of condenser, 137 
Discone aerials, 910 
Discontinuous functions, 265-266, 302 
Discriminator, amplitude, 1088 
Discriminator, phase — see under Phase 

(discriminator. 
Discriminators, frequency, 1151, 1152-1156 
Discs, characteristics of, 706-709 

Discs, materials for, 706, 766, 769 

Display of valve characteristics, 120 

Dissipation characteristic of valve heater 

(filament), 10, 11 

Dissipation, definition, 1399 

Dissipation in distortionless Class Ai 

amplifier, 59-61 

Dissipation in reactive circuit, power, 

140, 143-144 
Dissipation measurements in receivers, 1302 
Dissipation of composition resistors, 186-187 
Dissipation of electrodes, maximum, 75 

Dissipation of electrodes, tests for, 108 

Dissipation of resistance loaded triode, 26 
Dissipation, plate, and power output, 

Class B 2 , 589 

Dissipation, . plate, Class A triode, 559 

Dissipation, plate, max. signal, push-pull 

Class A, AB, triodes, 578 

Dissipation, plate power, general theory, 63-64 

Dissipation, screen. Class A pentode, 562 

Dissonance, definition, 1399 

Distorted sine wave, 130 

Distortion and fidelity (Chapter 14), 603-634 

Distortion 

amplitude, 604 

cross modulation, in r-f amplifiers, 927, 945 

distortion and power output 

push-pull Class A, ABi pentodes 

etc., 583-584 

push-pull Class A, ABi, triodes, 577-579 
push-pull Class B2, 588-590 

distortion and power output vs. load 

resistance beam power amplifier, 570 

type 45 triode, 558 

due to peak limiters or volume limiters, 681, 

683 
due to tone control, 606, 636-637 

effect of sound level on audible, 631 

factor, 609 

factor meter, 1300 

factor, weighted, 610 

frequency, 604, 617-618, 626, 631 

frequency modulation, 604, 626 

frequency range and, 631 

harmonic, for type 2A3 triode, 607 

harmonic, for type 6F6 pentode, 608 

harmonics, 606-607, 608 

hum distortion, 1309, 1314, 1322-1323 

imagery for describing, 604-605 
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Distortion (continued) 

in A-M detectors (other than diodes), 

1083, 1084, 1086, 1087 
in amplifiers, effect of feedback on, 

308, 309, 313-316, 608 
in amplifiers, measurement of, 1321-1322 
in cathode follower, 319 

in Class A triode at high inputs cal- 
culated from- measurements of gm 
and g n at low inputs, 554, 555 

in Class B amplifiers and drivers, 587 

in diode detectors, 1072-1076, 1080-1081, 
1106, 1107 
differential, 1074, 1107 

due to a.c. shunting, 1072-1076, 1082, 
1106, 1107, 1133 
methods of overcoming, 1073-1074, 1082 
in F-M detectors, 1087, 1088, 1104 

in i-f A-M stages, 1063, 1067-1068 

in i-f F-M stages, 1038-1039, 1068-1069 
in loudspeakers, 600-601, 631, 632, 854-855, 

868-871 
cross-over, 856, 860-861, 868 

frequency modulation, 855, 869 

horn loudspeakers, occurring in, 854-855 
inharmonic, 870 

intermodulation, 871 

non-linear, 836, 855, 868 

phase shift, 838, 870 

selective, below bass resonant fre- 
quency, 600-601, 868 
sub-harmonics and sub-frequencies, 871 
transient, 618, 619, 833, 869-871 
testing for, 870-871 
in particular amplifiers, 347, 353 
in power amplifiers, 546, 548-554, 557, 558, 
563-565, 570, 577-579, 583-584, 587, 
588-590 
in power amplifiers, rate of increase, 546 
in power valves with loudspeaker load, 
general, 600-601 
single Class A triode, 558 
single pentodes, 566-567, 601 
in r.c.c. amplifiers, comparison between 

triodes and pentodes, 511 

in r.c.c. pentodes, vs. output voltage, 510-511 
in r.c.c. triode at mid-frequency, 490-491 
in r.c.c. triodes, vs. output voltage, 491-493 
in receivers, A-M, measurement of, 1306, 1314 
in receivers, due to a.v.c. design, 1314 
in receivers, F-M, measurement of, 1306, 1318 
in reflex receivers, 1140, 1141, 1145, 1146 
in reproduction from records 

due to imperfect tracking, 723-726 

due to stylus wear, 761 

other distortion effects, 760 

pickup, non-linear, 718, 719, 723, 762 

recordings, non-linear, 756, 762, 766, 769 

testing for non-linear distortion, 762 

testing, proposed standards for, 762 

tracing, (playback), 708, 757-760 

effect of recording characteristics 

on, 759-760 

in r-f amplifiers, 944-945 

in speech reproduction, 629 

in transformer cores — see under 

Transformers, a-f. 
in transformer-coupled voltage am- 
plifiers, 518 
in valves, relative positions of har- 
monics, 303 
in valves, tests for, 106-107 
in valves, with resistive loads, graphical 
harmonic analysis, 302-304, 305, 548- 
554, 557, 563-565, 578-579 
pentodes and others, 563-565 
push-pull, third harmonic, 578-579 
triodes, second harmonic, 548-554 
triodes, third harmonic, 557 
in valves, with resistive loads, theo- 
retical analysis, 61-62 
intermodulation, 604, 607, 610, 611-616 
see also under Intermodulation dis- 
tortion, 
minimum deviation, 1318 



Distortion (continued) 

modulation envelope, in r-f amplifiers, 

944-945, 1067-1068 
non-linear, 604,605,610-611,617 

non-linear, criterion of, 610-611 

permissible total harmonic, 607-609,630-631 
phase, 604, 618 

references, 632-634 

relationship between harmonic and 
intermodulation distortion, 612-613, 615, 
758-759 
rule, Espley and Farren, 550 

rule, 5%, 550 

scale, 604,625-626 

sibilant speech sounds, with volume 

compression, 683 

third and fifth harmonics, effect on 

power output, 564, 565 

total harmonic, 608 

total harmonic, in high-fidelity ampli- 
fiers, 630-631 
tracking, in record reproduction, 723-727 
transient, 604, 618, 619 
transient, in a-f amplifiers, 540-541 
transient, testing for, 619 
transient waveform, in volume limiting, 683 
types of, 604 
volume, 604, 620-625 

see also under Volume range, 
weighted harmonic, 608-609 

Divergent infinite series, 268 

Diversity reception, 1263-1264 

Dividend, definition, 1399 

Division, 260 

Divisor, definition, 1399 

Doppler effect, 869 

.Double frequency changer superhetero- 
dyne, 1253 
Double spotting in superhet. receivers, 

1225, 1226 
Drain, definition, 1399 

Dram, 1329 

Drift of characteristics during life, 23-24, 70, 

84, 533 
Drift of characteristics during life, com- 
pensation for, 533 
Drift, oscillator frequency, 955-958 
Drill sizes for self-tapping screws, 1391 
Drill sizes, twist, 1392 
Driver, definition, 1399 
Driver for Class B stage, cathode follower 

as, 591, 596 

Driver looking backwards impedance, 591 

Driver resistance and inductance, 591 

Driver stage, 547, 590-591 

Driver transformer design, 591 

Driver transformer, effect of leakage in- 
ductance in Class B2, 590 
Driving conditions, grid, Class B2, 590-591 
Driving power, peak grid, Class B2, 590 
Driving units for loudspeakers, 855 
Dry batteries, characteristics of, 1272-1274 
Dry batteries, rechargeable, 1274 
Dry battery operation, valve ratings 

for, 78, 79, 80 

Duerdoth's multiple feedback system, 

365, 374-378 
Duerdoth's stability margin, 372 

Durchgriff, definition, 14 

Dual and triple system loudspeakers, 860-861 
Dual a.v.c. system, 1108 

circuits to eliminate, 1108, 1113 

Dual system loudspeakers, integral, 860 

Dual wave receivers, design of, 1251-1252 
Dummy aerials (antennae), 906-907, 1299, 
1315, 1316 
Dummy load, standard for receivers, 1299 
Dust on vinyl records, 706, 713 

Dynamic characteristics, comparison be- 
tween r.c.c. pentodes and triodes 508-509 
Dynamic characteristic of pentode, 26-27, 72, 

503-506 
Dynamic characteristic of pentode, slope 

of, 506, 507-508 

Dynamic characteristic of triode, 25-26, 72, 491 
Dynamic, definition, 1399 
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Dynamic mass of pickup armature, 718, 719, 

721, 722 
Dynamic microphones, 775, 779 

Dynamic range and its limitations, 620-625 
Dynamic range and surface noise in record 

reproduction, 704-705, 763-765 

Dynamic range, peak, 620 

Dyne-five, measure of force, 1332 

Dyne, measure of force, 1330, 1332, 1333 
Dyne per square centimetre, 1330 



Ear as a judge of fidelity, 631 

Earth, attenuation of radio waves due 

to, 896-900 

Earth, conductivity of, 896-900 

Earth connection in a.c./d.c. receivers, 1268 
Earth, effect on performance of aerials, 894-900 
Earth, resistivity of, 896 

Earthed-grid amplifiers, 529, 592, 914, 925 
Eccentric grooves in records, 705 

Economy switch in battery receivers, 1268 
Eddy currents in coils, 465 

Effective current, definition, 1400 

Effective voltage, current, power, 134 

Efficiency, definition, 1400 

aerial radiation, 903 

amplifier, Class Ai, 59-61 

detection (diode), 1076, 1080-1081 

loudspeaker, 839, 854-855, 860 

in terms of acoustical power, 875-876 
loudness efficiency rating, 875 

pressure-efficiency rating, 812, 862, 874 
plate, Class A pentode, 562 

plate, Class A triode, 559 

plate, Class B2, 589 

transformer, 205 

audio-frequency, 228, 567 

condition for maximum, 205 

power, 233, 235 

Electric and magnetic fields of wave, re- 
lation between, 897 
Electric current as electron flow, 1, 2 
Electric field of radiated electromagnetic 

energy, 404 

Electrical and magnetic units, 1331-1333 

Electricity and emission, 1-4 

Electrode continuity, tests for, 73, 91-93, 123 
Electrode potentials, datum point for, 2, 80 
Electrode supply voltages, valve, 6 

Electrode system, geometrical configura- 
tion of, 69 
Electrode voltages, definition, 6 
Electrode voltages, supplied through series 

resistors, 70 

Electrode voltages, uncontrolled changes 

in, 70 

Electrode voltages, with respect to cathode, 5 
Electrodynamic loudspeakers, 831, 833-851, 

860-864 
Electrolysis in battery receivers, 1269 

Electrolytic condensers, 192-194 

Electromagnetic energy, radiated, 404 

Electromagnetic field set up by inductor, 140 
Electromagnetic frequency spectrum, 

wavelengths, 404 

Electromagnetic loudspeakers, 831-832 

Electromagnetic radiation, 403 

Electromagnetic radiations, wavelengths 

of, 1363 

Electromagnetic system, c.g.s. 1331, 1332 

Electromagnetic waves, introduction to, 403-404 

Electromotive force, definition, 1400 

Electromotive force induced in inductor, 140 

Electromotive force, units of 1332 

Electron, 1 

electric charge on, 1 

Electron-coupled oscillator, 953, 954, 958 

Electron ray tuning indicators, 1132-1136 

Electron velocity of emission, initial, 18 

Electronic attenuators, 797-798 

Electronic reactances, 1151, 1156-1160 

Miller effect circuits, 1157 

quadrature circuits, 1157-1160 



references, 1160 

resistance in series with capacitance, 

1156-1157 
Electrostatic system, c.g.s. 1331, 1332 

Elements, bilateral, 159 

Element of network, definition, 159 

Elements, unilateral, 159 

Ellipse, 274 

Ellipse, equation to, 280 

Elliptical loadlines, 30-34, 64, 213, 576 

E.M.I, transcription pickup, 719 

Embossed groove recording, 768 

Emission, back, test for, 74, 100 

Emission-dependent dynamic test, 73, 91-93, 

123 
Emission, grid, 3, 5, 20, 21, 51 

Emission, grid primary, tests for, 101-102 

Emission, grid secondary, tests for, 102 

Emission heater-cathode, hum due to, 

1196, 1197 
Emission, photo, 2 

Emission, poisoning of, 2 

Emission, primary (other than cathode), 

19, 20, 21, 69, 71 
Emission, secondary, 2, 7, 8, 21, 39, 69, 71 
Emission, tests for, 73, 94-95, 123 

Emission, thermionic (cathode) 2, 3, 69 

Empirical, definition, 1400 

Enclosed cabinet loudspeaker, 843-845 

Enclosures, loudspeaker, 842-851 

Energy, 133 

Energy factor of tuned circuit, 409 

see also under Q factor. 
Energy stored in charge on condenser, 135 
Energy stored in magnetic field, 141 

Energy, units of, 133, 1332 

ensi, 1307 

Envelope, definition, 1400 

Equalizers for record reproduction, 732-744 
de-emphasis, high frequency, (N.A.B.), 770 
equalizer, high frequency (de-emphasis), 

736-737, 739-740, 744-751, 770 
equalizer, position of, 636, 732, 743 

equalizers, low frequency, 732-736 

equalizers and equalizing amplifiers, 

738-743 

equalizing, corrective, 728 

equalizing, definition, 727, 728 

equalizing to give standard playback 

curve, 731-732 

Equalizing of headphones, 662 

Equalizing of microphones, 635, 636, 781 

Equalizing of pickups, 635, 636, 732-744 

Equalizing of sideband cutting in receiver, 654 

Equation, circle, 280 

Equation, ellipse, 280 

Equation, hyperbola, 280 

Equation, linear, 279 

Equation, parabola, 280 

Equation, straight line, 280 

Equation to a curve, finding the, 281 

Equations, definitions, 263, 1400 

Equations, solution of, 263-265 

Equivalent circuit, definition, 1400 

aerial and input circuit of receiver, 904 

aerial-earth system, 903 

crystal filter, variable bandwidth, 1050-1051 

diode detector, 1078 

grid, 64 

loudspeaker, 838, 839, 844-845, 848-849 

push-pull amplifier, 577 

r.c.c. pentode, 512 

r.c.c. triode, 494 

rectifier, 1164 

transformer, 204, 205 

valve, 45-47, 53-55, 59, 63, 512 

voltage feedback amplifier, 310 

Equivalent electrode voltage, 71 

Equivalent noise resistance, 783, 937-938 

Equivalent noise sideband input, 1307 

Equivalent plate circuit theorem, 63 

Erg, measure of work 1332, 1333 

Erg per second, measure of power, 1332, 1333 

Esnault-Pelterie's formula for inductance 

of solenoid, 432 
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Excitation, definition, 1400 

Expanders, volume — see under Volume 

expansion. 
Expanding selectivity i-f transformers, 

455-456, 1048-1050 
Exponential curve, definition, 1400 

Exponential form of vectors, 287 

Exponential functions, 268 

Exponential horns, 851-853, 854 

Exponential series, 269 

Exponents, 255 

Expression, definition, 1400 

Extended Class A operation (triode and 

pentode in parallel on each side), 587 
Extension loudspeakers, 883-886 

Exterior of cabinet, design of, 850 

Eye, visibility curves of, 1396 



Factor, definition, 1400 

Factorial n, definition, 1400 

Factorials, 1407 

Factories, background music in, 867 

Factoring, 262 

Faders — see under Mixers and faders. 
Fading due to interference between ie- 

fleeted and ground waves, 901, 908 

Fading, selective, 1251 

Fahrenheit, 1334 

Fairchild transcription dynamic pickup, 720 
Farad, 1332, 1333 

Fatigue, listener, 626 

Feed, parallel (shunt) a.v.c., 1109, 1110-1111 
Feed, series a.v.c, 1109-1110 

Feedback, general (Chapter 7) 306-402 

acoustical, avoidance of, 866 

admittance neutralization, stable, 389 

admittance, short-circuit, 50-55 

admittance, short-circuit, test for, 117 

amplifier without phase distortion, 389 

balanced feedback amplifiers, 315 

bass boosting by feedback, 336, 347 

bridge feedback, 307, 313-314, 546 

bridge negative feedback at mid-fre- 
quency, 313-314 
special applications to give positive, 

zero or negative plate resistance, 314 

see also 354-355 

cathode-coupled amplifiers, 348, 529, 531 

cathode-coupled phase inverters, 347-348, 

526-527 
cathode-degenerative amplifier, 327-330 

degenerative cathode impedance, 330 
effective plate resistance, 328-329 

gain, 327-328 

input resistance, 328 

other forms of cathode degenerative 

amplifiers, 330 

unbypassed cathode resistor, 327-329 

valve characteristics, graphical treat- 
ment, 397-399 
cathode-follower, 316-327 
calculated operating conditions, 319-320 
capacitive load — gain, input resist- 
ance and capacitance, plate re- 
sistance, 326-327 
circuit to avoid screen current 

through load, 325 

circuit to make screen current 

constant, 326 

cut-off effect, capacitive load, 327 

direct-coupled amplifier, 531 

distortion, 319 

effective plate resistance, 318 

effect of impedance of input source, 327 
electronic attenuator, use in, 797 

equivalent valve characteristics, 318 

gain, 317-318, 325 

inductive load — input resistance and 

reactance, 326 

infinite impedance (reflex) detector, 326 
input capacitance, 323, 325 

low noise, pre-amplifier input stage, 789-790 
noise in, 327 



Feedback, general (continued) 

output capacitance, 323-324, 325 

output impedance, 320 

pentodes, special considerations with, 324 
resistance-capacitance coupled, 320-321 
screen-coupled, 326, 532 

transformer-coupled, 321 

valve characteristics, graphical treat- 
ment, 390-394 
wide-band amplifiers, use in, 327 
combined negative and positive, 314-315, 

352-355 
comparison between different funda- 
mental types, 315 
constancy of characteristics with feed- 
back 388 
current feedback, 307, 312-313, 315-316, 
327-330, 1236 
degeneration or regeneration at any 

frequency, 342 

effect on distortion, 308-309, 313, 314, 315, 

316 
effect on gain, 308, 313, 315, 316 
effect on hum or noise, 309-310, 315, 316, 

348-352 
effect on input resistance, 311-312, 313, 315, 

316 
effect on output resistance, 310-311, 313, 314 
effective amplification factor and plate 
resistance with feedback, 311, 313, 314, 
315, 316 
electronic attenuators, 389 

feedback factor, 308 

feedback in volume expansion, etc. 685, 688 
feedback loop, 307, 336 

frequency range of amplifier before 

feedback is applied, 369 

frequency response, 378-388, 1235-1239 
flat frequency response, design of 

amplifiers with, 379-388 

Brockelsby's method, 382-385 

conditions for critical damping, 385-388 
Mayr's method, 379-382 

maximal flatness, 367, 378, . 382-385 
fundamental types of, 306 — 316 

in radio receivers, 1235-1239 

interconnected feedback loops, 343-344 

intermediate frequency, in receivers, 943 
loop amplification, 356 

multiple feedback, 343-344 

negative, 306—102 

negative current feedback at mid-fre- 
quency, 312-313 
negative impedances, stabilized, 389 
negative voltage feedback at mid- 
frequency, 307-312 
equivalent circuit of amplifier, 310 
feedback voltage applied in series 

with input, 307, 312 

feedback voltage applied in shunt with 

input, 308, 312 

feedback voltage applied to cathode, 308 

optimum load resistance, 311 

peaks at high and low frequencies, 336, 359, 

378 
peaks, high and low frequency, height 

of, 359, 378, 379, 383 

phase inverter, choke coupled, 355 

phase shift at high and low frequencies, 

316, 353, 355 
phase shift correction, 342, 343, 352 

phase shift, effect of negative feedback on, 389 
phase splitter, 329-330, 354, 522-524 

with positive feedback, 354, 523 

pickup, applying negative feedback to, 743 
play-through, feedback to reduce, 1240-1241 
positive, 306-307, 354 

positive feedback at high and low fre- 
quencies, 316, 338, 342, 378, 382 
positive feedback for eliminating by- 
pass capacitors, 1284-1285 
practical feedback circuits, 316-355 
references to feedback, 399-402 
special applications of feedback, 389 
special features of feedback amplifiers, 352 
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Feedback, general (continued) 

stability factor (Becker), 388 

stability; phase shift, 356-378 

attenuation characteristics, 360, 361 

cathode by-passing, slope and phase 

angle, 360 

conditional stability, 358, 378 

conditions for stability, 356-359 

design of multi-stage amplifiers, 365-378 
alternative methods of design, 366-367 
attenuation characteristics and sub- 
sidiary voltages, summation of, 

372-375 
Bode's method, 365-366, 367-369 

corrective networks, 371 

damping, compensated critical, 367 

damping, critical, 365, 367, 378, 385-388 
damping of amplifier on transients, 

365, 366, 367, 382, 386 
Duerdoth's multiple feedback 

system, 365, 374, 378 

Duerdoth's stability margin, 372 

Learned's method, 365, 369-371 

multiple loop amplifiers, 375 

parasitic oscillation, 316, 345, 365 

phase shifting network in feedback 

line, 378 

step in attenuation characteristic, 

368, 371 

subsidiary feedback, 375-378 

transient response, oscillatory, 365, 367, 

382, 386 

transient response, testing amplifier 

for, 366 

design of one and two stage 

amplifiers, 364-365 

Nyquist criterion of stability, 356, 375 

Nyquist (polar) diagram, 338, 339, 356-359, 

366, 375 

parallel-fed transformer, ultimate 

slope of, 360 

phase angle and attenuation, relation- 
ship between, 359-364 
phase angle, determination of, 362-365 
polar diagram for amplifiers with 
feedback — see under Nyquist dia- 
gram. 
Routh-Hurwitz criterion of stability, 356 
safety (stability) margin, 359, 367, 368, 372 
screen by-passing, slope and phase 

angle, 360-361 

stability and instability, 344, 355, 356, 358, 

359 
stability, effect of tolerances on com- 
ponents, 359, 371 
staggering attenuation characteristics, 

364-365, 367, 382-385 
step circuit, phase angle, 361 

testing amplifiers for stability, 1324 

total slope of attenuation characteris- 
tics, 362 
subsidiary feedback, 343 
tabulated characteristics, voltage and 

current feedback, 316 

tone control, feedback to provide, 

330, 336, 347, 378-379, 645-647, 651, 655, 

667, 669-672, 741, 748-751, 757-758, 

1234-1239 

transfer coefficient, 306 

use of symbols, 307 

valve characteristics and feedback, 390-399 

cathode follower, pentode, 393-394 

cathode follower, " triode 390 

cathode follower, triode, resistance 

loaded, 390-391 

cathode follower, triode, transformer 

coupled, 391-393 

feedback over two stages, 399 

pentode, cathode degenerative, 399 

pentode with voltage feedback, trans- 
former coupled, 395-397 
triode, cathode-coupled, 399 
triode, cathode degenerative, 397-399 
triode with voltage feedback 394-395 
voltage feedback, 307-312,315-327,330-347 



Feedback, general (continued) 

voltage feedback from plate — r.c.c. 

input, 332-334 

voltage feedback from plate — trans- 
former input, 332 
voltage feedback from secondary of out- 
put transformer, ' 330-332, 336-343 
voltage feedback over 2 stages, 334-344 
from plate of V2 to cathode of Vi, 334-336 
from secondary to grid circuit, com- 
plete analysis of, 336-343 
voltage feedback over 3 stages, 344-347 
bridge circuits, 347 
feedback from plate of Vs to screen 

of Vi, 344-345 

feedback from secondary, 345—347 

Williamson amplifier, 346-347, 745-751 

voltage proportional to velocity of 

loudspeaker cone, 841-842 

Ferromagnetic materials, other 458-459 

Ferromagnetic spinels, 459 

Ferroxcube, 458-459 

Fibre needles, 710 

Fidelity and distortion (Chapter 14), 603-634 

ear as judge of, 632 

fidelity, what it is, 603-604 

high fidelity receivers, t.r.f., use of 

reflex detector in, 1086 

high fidelity reproduction, 630-632 

references, 632-634 

Fidelity, electric, in phonograph com- 
binations, 1311-1312 
Field intensity at receiver, charts, 897-900 
Field response, microphone, definition, 781 
Figure of merit for coil, 144 
Figure of merit for oscillator valves, 950 
Figure of merit for power triodes, 61 
Figure of merit for r-f amplifier valves, 927 
Figures in arithmetic, 255 
Filaments, general, 4-5 
current, testing for, 93-94 
dissipation and temperature characteris- 
tic, 10, 11 
filament type valves, ratings for, 77, 78, 79, 80 
on a.c. supply, 6, 80, 560 
oxide coated, 2 

see also under Cathode. 

tungsten, 2 

voltage/current characteristics, 10 

voltage, recommended, published, 3 

Film, sound on, 701 

FUter condenser, first, use of electrolytic 

as, 193 

Filtering and hum (Chapter 31) 1192-1201 

filter factor, 1192-1194 

hum — general, 1196-1200 

due to circuit design and layout, 1198-1199 

due to conditions within valves, 

540, 1196-1198 
hum levels in receivers and ampli- 
fiers, 1199-1200 
see also under Hum. 
hum neutralizing, 539, 1200-1201 
inductance-capacitance filters, 1192-1194 
avoiding resonance with, 1193 
parallel-T filter networks, 176, 1194-1196 
references, 1201 
resistance-capacitance filters, 172-176, 1194 
Filters, 172-185 
attenuation band, 180 
band elimination, definition, 172 
band pass, definition, 172 
characteristic impedance, 179 
choke input, design of, 249-250 
constant *, 179-182, 652 
half section, 180, 181 
mid-series image impedance, 180, 181 
mid-shunt image impedance, 180, 181, 182 
77 section, 180-182 
T section, 180-182 
crystal, variable bandwidth, 1051—1061 
decoupling, in diode detector cir- 
cuits, 1073, 1080 
filter factor, 1192, 1194 
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Filters (continued) 

frequency dividing networks, 184-185, 860, 

887-889 
half-section, " building out " trans- 
former to give, 214 
high pass, definition, 172 
hum niters for rectifier systems, 1192-1201 
image impedances of four-terminal 

networks, 177-179 

image attenuation constant, 178, 179 

image phase constant, 178, 179 

image transfer constant, 178-179, 180 

impedance mismatching in, 184 

iterative impedances of four-terminal 

petworks, 176-177 

iterative transfer constant, 176-177 

low pass, definition, 172 

mains, for receivers, 475, 1279-1280 

M-derived filters, 182-184, 652 

design of multiple section filters, 183-184 

half section, 182-184 

T section, 182-184 

pass band, 180 

practical, 184 

references, 185 

reflection effects in, 178 

resistance capacitance, 172-176, 1194 

attenuation characteristics, 173-176 

parallel-T network, 176, 647, 651, 657, 

675-676, 737-738, 745-749, 1194-1196 

theoretical cut-off frequency, 172 

time constant, 172, 173 

shunt across load of power pentodes, 567, 636 

stop band, 180 

symmetrical networks, 179, 180 

tone control, elements of, 639 

vdiiaiui. UfainjYYiU.nl L-iysUU, luDi-lvOl 

Fine groove recording, 701, 706-709 

First detector, definition, 1400 

Fixed bias in power amplifiers, 547, 597 
Fixed bias operation, determination of 

maximum grid circuit resistance, 82-84 
Frxed bias, r.c.c. pentodes, 501-502, 506 

Fixed bias, r.c.c. triodes, 487-489 

Fixed bias, sources of, 597 

Flat baffles, 842 

Flare cut-off frequency, 852 

Flaring constant of horns, 851, 852 

Flash dipping of coils, 477 

Flat frequency response in feedback 

amplifiers, 379-388 

Flicker effect, 783 

Fluctuations in line voltage for valves, 10 
Fluorescence, 4 

Flutter in receivers, 955, 958, 993, 998, 

1244-1246 
Flutter in record reproduction, 761 

Flutter in record reproduction, tests for, 1312 
Flux density, 229 

Flux density in power transformers, 235 

Flux density, maximum, 243 

Flux density, remanent, 230 

Flux density, residual, 230 

Flux density, units of, 1332 

Flux leakage, 231 

Flux, lines of, 229 

Flux, luminous, unit of, 1334 

Flux produced by inductor, 140 

Flux, units of, 1332 

Flywheel tuning, 1252 

Folded horns, 856-859 

Footcandle, 1334 

Force, coercive, 230 

Force, stylus, vertical, 702, 708, 709, 712, 
_, , 718-722, 768, 769 

r-orce, stylus, vertical, minimum for 

tracking, 712, 715, 719, 720 

Force, units of, 1330, 1332 

Forecasting frequencies for long distance 

short-wave communication, 404, 901 

Form factor, 134 

Form factor of coils, 414 

Formulae or laws (in Algebra), 265 

Forward admittance, short-circuit, 50-55 

Forward admittance, short-circuit, test for, 117 



Fourier analysis, 130, 299-302 

Fourier analysis of some periodic waves, 

301-302 
Fourier analysis, references, 305 

Fourier series, 299-302 

Fourier series, graphical harmonic an- 
alysis, 302-304 
Fourier series, other applications of, 302, 964 
Freezing point of water, 1334 
Fremodyne F-M detector, 1088 
Frequencies and wavelengths — table, 1362 
Frequencies, high roll-off, in a-f ampli- 
fiers, 631 
Frequencies, primary resonant, of aerial 

and r-f coils, measurements of, 1325 
Frequencies, standard, 1361 

Frequencies, standard intermediate, 1361 
Frequencies, standard test, in F-M re- 
ceivers, 1314 
Frequency, 129, 278, 403 
Frequency bands for broadcasting, 1361 
Frequency changer, definition, 1400 
Frequency characteristics, bass boosting, 

641-643 
Frequency characteristic of ideal constant 

velocity pickups, 724 

Frequency compensated tone control, 

automatic, 672-674 

Frequency conversion, 62, 962-1001, 1017-1019 
Frequency converters and mixers, opera- 
tion of, 962-986 
analysis of operation common to all 

types, 964r-968 

conversion transconductance, de- 
finitions, 14, 109 

verter valves, 966-967 

conversion transconductance of 

modulator or mixer valves, 964-966 
detailed operation of modulator or 

mixer section of converter, 968-984 

noise in, 967-968, 972-973, 978, 984 

oscillator section of converter valves, 968 

coupling between oscillator and signal 

circuits, 973, 974-975, 980, 988, 992, 994, 

1000 
harmonic operation of oscillator (har- 
monic mixing), 62, 958, 964-966, 991, 
994-996, 1000, 1001 
input admittance, signal grid, 970, 973, 
976-978, 980-981 
negative, 977, 985-986 

input conductance, signal grid, 976-978, 
980-981, 982, 987-988 
negative, 976-978, 985-986 

input susceptance, signal grid, 976-978 
negative, 976-978 

loading of input circuit due to valve 

admittance, 970, 973, 987-988 

methods of frequency conversion, com- 
parison — table, 985 
methods of operation of mixer or modu- 
lator valves, 969 
oscillator and signal voltages applied 

to same grid, 969-973 

oscillator voltage on inner grid, signal 

voltage on outer grid, 973-978 

oscillator voltage on outer grid, signal 
voltage on inner grid 978-984 

negative admittance of current limited 

grids, (Appendix), 985-986 

neutralization in converters, 959, 969, 970, 

975-977, 978, 992, 1000, 1001 

noise, in, 967-968, 972, 973, 978, 984 

oscillator frequency variation due to 

a.v.c. 963 

oscillator transconductance, phase shift 

at high frequencies, 968 

references, 1017-1019 

see also Oscillators. 

space-charge coupling in, 963, 975-977, 980 
neutralization of, 975-977, 992 

Frequency converters, applications of, 

987-1001, 1017-1019, 1244-1248 
alignment, short wave, 990-^991 
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Frequency converters (continued) 

a.v.c. on short waves, limitations on 

use of, 975, 997, 998, 1000, 1111-1112, 1251 
broadcast frequencies, 987-990 

coupling between oscillator and signal 

circuits, effects of, 992, 994 

nutter, 955, 958, 993, 998, 1244-1246 

frequency stability, 992-^996, 1247, 1256 

effect of a.v.c. 963, 993-994 

variations due to local oscillator, 992-993 

improving stability, 993 

variations due to mixer, 993-996 

harmonic mixing, 958, 964-966, 991, 994- 

996, 1000, 1001, 1247 

images, 990-991 

procedure to distinguish image from 

signal, 990-991 

magnetic field, effect of, 1248 

neutralization in converters, 959, 969, 970, 

975-977, 978, 992, 1000, 1001, 1248 

noise, 967-968, 972-973, 978, 984 

operating conditions, broadcast, 989-990, 

1244-1248 

operating conditions, short-wave, 991-992, 

1244-1248 

padder feedback, 1001, 1247 

pulling, 971, 990 

references, 1017-1019 

signal-circuit regeneration, controlled, 

988-989 
signal-circuit regeneration from screen, 

Qg8— 989 

signal grid loading, 970, 973, 987-988 

spurious responses, 62, 987, 995, 1247 

tuned plate operation, 994, 1248 

Frequency converters, testing of, 108-113 

methods of operation, 108-109 

oscillator driven, 109 

oscillator self-excited, 108-109 

static operation, 109 

plate resistance, 111 

stage gain, 74 

transconductance, conversion, 74, 109-111, 

124 

Frequency converters, types of, 996-1001 

inner-grid oscillator injection, 973-978, 

997-1001 

1R5 pentagrid, 995, 996, 1001 

6A8-G pentagrid, 8, 997-998 

6BE6, 6SA7, pentagrids, 998-1000 

6K8-G triode-hexode, 998 

mixers, types of, 

heptodes, 8, 9 

hexodes, 9 

outer-grid oscillator injection, 978-984, 

996-997 

6AE8, X61M, X79, triode-hexodes, 997 

6J8-G, triode-heptode, 996-997 

Frequency, definition, 1400 

Frequency discriminators, 1151, 1152-1156 

Foster-Seeley (Phase) 1153-1156 

references, 1160 

Round-Travis, 1 153 

Frequency dividing networks, 184-185, 860, 

887-889 
Frequency, effect on capacitance of elec- 
trolytic condensers, 192 
Frequency, effect on resistance of com- 
position resistors, 189 
Frequency range in a-f amplifier, 617 
minimum audible change in, 617-618 
Frequency modulation, 405 
Frequency, natural resonant, 407, 408, 424 
Frequency of parallel resonance, 150-152 
Frequency, parallel resonant, 410 
Frequency range and sound intensity pre- 
ferences, 627, 633 
Frequency range and volume level, 621-623 
Frequency range in record reproduction, 

desirable top limit to, 704 

Frequency range in recording, 704 

Frequency range notation, reproduced 

sound, 604 

Frequency range of high fidelity a-f 

amplifiers, 630-631 



Frequency ranges for speech reproduction 630 
Frequency ranges, standard, 1361 

Frequency ratio, octaves and decades 

(table), 368 

Frequency ratio, to convert to db /octave, 

637-638 
Frequency, resonant, 408 

Frequency response, flat, in feedback 

amplifiers, 379-388 

Frequency response in feedback ampli- 
fiers, 378-388 

Frequency response of a-f amplifiers, 

test for, 1323-1324 

Frequency response of amplifier, varia- 
tion with output level, 626 
Frequency response of loudspeakers, 

833, 838, 854-855, 860 
Frequency response of receivers, tests 

for, 1305, 1318 

Frequency shift in receivers, tests for, 

1310, 1319 
Frequency spectrum, electromagnetic, 404 
Frequency stability in converters, 992-996 
Frequency stabilization, oscillator, 957-958 
Frequency test records, 702-703, 716, 752-757 
Frequency variation, oscillator, causes 

of, 950, 955-956 

Fringing, 231 

Full-wave rectification, 7, 1161-1169, 1173- 

1185 
Function, definition, _ 1400 

Functional characteristics of valves, basic, 70-73 
Functions, 263 

Functions, continuous and discontinuous, 

265-266 
Functions, inverse, 276-277 

Fundamental characteristic tests, 73-75 

Fundamental frequency, 130, 300 

Fundamental frequency, definition, 1400 

Fundamental physical properties of 

valves, 69-70 

Fungus growth on materials, 475 

Fuses, 1281-1282, 1395 



G curves, 23, 554 

G.E. variable reluctance pickup, 718 

Gain, aerial coil, 916-917, 920 

Gain, amplifier, expressed in decibels, 810-811 

in pre-amplifiers, standard, 793 

power, expressed in decibels, 810 

voltage, expressed in decibels, 810 

Gain at any frequency, coupled circuits, 

416, 421-423 

Gain at mid-frequency, r.c.c. pentodes, 506-508 

r.cc. triode, 490-491 

transformer-coupled a-f, 517 

Gain at resonant frequency 

identical stages in cascade, 421 

tuned primary, tuned secondary, 415, 426 

untuned primary, tuned secondary 425 

Gain bridging, 811 

Gain control devices in volume expanders 

and compressors, _ 684-686 

Gain/frequent characteristic, r.c.c. pen- 
tode, 512 
incomplete cathode and screen by- 
passing, 498-500 
incomplete cathode by-passing, 499-501 
incomplete screen by-passing, 496-497 
Gain/frequency characteristic, r.c.c. 

triode, 494-495 

incomplete cathode by-passing, 484-485 
Gain, maximum, of r.c.c. pentode, load 

resistance to give, _ 507 

Gain, maximum stage, of i-f amplifier, 

1028, 1032, 1036 
Gain, of a-f amplifiers, measurement of, 1323 
Gain of amolifier. effect of feedback «n. 

308, 313, 315, 316 
Gain of cathode degenerative amplifier, 327-328 
Gain of cathode follower, 317-318, 325 
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Gain of Class A power triode at high in- 
puts calculated from measurements of 
g m and g p at low inputs, 554, 555 

Gain of multistage voltage amplifier, 541 
Gain of stages in receiver, measurements 

of, 1303 

Gain, power expressed in decibels, 806-807 
Gain, power, of aerials, 894 

Gain, radio frequency amplifiers, 923, 924 

Gain ratio/decibel gain, chart, 813 

Gain, stage, tests for, 74, 108 

Gain, units for measurement of, 806-823, 

825-826 

bels and decibels, 806-823 

absolute power expressed in, 807-808 

absolute voltage expressed in, 808 

amplifier gain expressed in, 810-811 

bridging amplifier, gain of, 810-811 

in terms of power, 810 

in terms of voltage gain, 810 

combined microphone and amplifier 

gain expressed in, 811-812 

dbm, 808 

dbv, 808 

dbvg, 810 

decibels, slide rules and mental 

arithmetic, 822-823 

loudspeaker output expressed in 

decibels, 812 

microphone output expressed in, 808-810 
in terms of effective output level, 809 
in terms of output power, 808-809 

in terms of output voltage, 808 

microphone system rating, R.M.A., 

809-810, 812 
minimum perceptible change of level, 807 
nomogram for adding decibel-ex- 
pressed quantities, 821-822 
pickup output expressed in, 810 
power relationships expressed in, 806-807 
sound system rating, 812-813 
tables and charts, 813-821 
decibels above and below lmW 

into 600 ohms, 820 

decibels above and below 6 mW 

into 500 ohms, 818 

decibels above and below 6 mW 

into 600 ohms, 819 

decibels as power, voltage, current 

ratio — chart, 813 

decibels expressed as power and 

voltage ratios, 814-816 

power and voltage or current ratios 

expressed in decibels, 817 

watts, dbm and volts across 5000 
ohms, 821 

voltage and current relationships ex- 
pressed in, 807 
nepers, 825-826 
relationship between decibels and 
nepers, 826 
references, 830 
transmission units, 826 
Gain, voltage, of grounded grid stage, 925 
Gain, voltage, of power amplifier, 549 
Gamma rays, wavelengths of, 404, 1363 
Gang capacitor plates, vibration of, 958-959 
Gang capacitor, position of, 957 
Gang capacitor, tuning, difficulties with, 

913, 958 
Gang condensers, 197, 1289 

Gas current, 3, 19, 51 

Gas current, tests for, 101, 102 

Gas pressure, 73 

Gas tube coupled direct-coupled amplifier, 532 
Gated beam discriminator 6BN6, 1293 

Gauss, 1332, 1333 

Gear ratios for universal coils, 456-457 

Generator, a.c, 129 

Generator, audio-frequency, 1299 

Generator, d.c, 129 

Generator, definition, 1400 

Geometrical mean frequency, 130 

Geometrical mean (mean geometrical 

progression), 266-267, 272 

Geometrical progression, 266-267 



Geometry, 272-275 

Germanium crystal detectors, 1136-1137 

Getter, 4, 69, 70 

Gilbert, 229, 1332, 1333 

Gilbert per maxwell, 1332, 1333 

Giorgi (m.k.s.) system, 1331, 1332 

Gliding tone frequency test records, 752, 753 
Glow, blue, 4 

Goldring Headmaster pickup, 718 

Gradient microphones, pressure, 775 

Grain, measure of mass, 1329 

Gram, unit of mass, 1329, 1331, 1332, 1333 
Gram weight, measure of force, 1330 

Gramophone, definition, 1400 

Graphical harmonic analysis, 302-304, 305 

see also under Distortion. 
Graphical representation of relationships 

between functions, 279-282 

Graphical representation with three vari- 
ables, 281 
Graphical symbols, standard, 1370-1371 
Gravitational acceleration, 1330 
Greek alphabet, 1397 
Grid, anode, 9 
Grid bias, effect of change of, on charac- 
teristics, 26 
Grid bias, effect of grid current on, 484, 488 
Grid bias for a.c, or d.c. filament ex- 
citation, 2, 80 
Grid bias for Class A amplifiers, voltage 

regulated, 1215 

Grid bias of Class A power triode, cal- 
culated optimum, 557 
Grid blocking, 21, 84, 1110 
tests for, 107-108, 113 
Grid-cathode capacitances- values of Sd 
Grid circuit decoupling, 538 
Grid circuit resistance, maximum 

determination of, 82-84 

general, 10, 70, 75 

in a-f power amplifiers, 566, 596-597 

in a-f voltage amplifiers, 

pre-amplrfiers, microphone, 788 

r.c.c. pentodes, 496, 501-503 

r.c.c. triodes, 482-483, 487, 488 

in a.v.c. circuits, 1110-1111 

references, 543 

Grid circuit resistance, r.c.c. pentode, 

maximum with cathode bias, 501 

maximum with fixed bias, 502-503 

Grid coupling condenser — see under 

Coupling condenser. 
Grid current characteristics, 18-21 

Grid current commencement point, 19, 84 
Grid current commencement voltage, test 

for, 73, 102, 109 

Grid current cross-over point, 19, 20 

drift during life, 23-24, 84 

Grid current, effect on bias, 484, 488 

Grid current, negative, 3, 19, 21, 51, 101-102, 

484 
tests for, 73, 101-102, 109, 124 

typical maximum values in new valves, 

101-102 

Grid current, noise caused by negative, 784 

Grid current, oscillator, test for, 111-112 

Grid current, positive, 18, 21, 51, 484, 489 

in r.c.c. amplifiers, damping due to, 489 

tests for, 73, 102 

Grid detector, leaky, 62, 1082-1084 

Grid detector, power, 1084 

Grid driving conditions, Class B2, 590-591 

Grid emission, 3, 5, 20, 21, 51, 71 

Grid input admittance, 49-53, 113-117, 

493-494, 927-934, 970-988 

components of, 51-53 

due to electron transit time, 50, 51, 930-932, 

971, 975, 980, 985-986 

due to grid-screen capacitance coupling, 53 

due to plate-grid and grid-cathode 

capacitance coupling, 53 

due to plate-grid capacitance coupling, 

51-53, 493-494 
effects of, 927-934 
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Grid input capacitance, 

components of, 

to prevent change in, 
Grid input conductance, 
Grid input impedance, 
Grid input inductance, 



49-53 
51 
53 
49-53 
49-53 
49-53 



Grid input power, peak, Class B2, 590 

Grid input resistance, 49-53 

increased by inductance between load 

and plate, 53 

inductance in screen circuit, 53 

minimum, Class B2, 590 

Grid input reactance, 49-53 

Grid input susceptance, 49-53 

Grid leak bias, 489, 786, 1280-1281 

Grid leakage current, 19, 20, 51, 69, 70 

Grid leakage current, tests for, 101-102 

Grid load lines, 20 

Grid noise, induced, 939-940 

Grid-plate capacitance, 7 

variation of, with plate current, 57 

Grid positive voltages, 21 

Grid primary emission current, 19, 20, 21, 69, 

71 
Grid primary emission, tests for, 101-102 

Grid resistance, minimum variational, 590 
Grid resistor, effect on hum, 1197 

Grid, screen, 7 

Grid secondary emission, 2, 7, 8, 21, 39, 69, 71 
Grid secondary emission, tests for, 102 

Grid series compensation, 643 

Grid stopper, use of, 32, 61, 91, 560, 562, 958, 

1000, 1283 
Grid, suppressor, 8 

Grid temperature, 5 

Grid variational conductance, 20 

Grid voltage limits, 79, 80 

Grids, 5 

Grids, aligned, 8 

Grids, numbering of, 1365 

Grilles, loudspeaker, 835 

Ground, definition, 1400 

Grounded-grid amplifiers, 529, 592, 914, 925 



H 



Haas effect, 867 

Half-boost point, 641-642 

Half-wave dipole, folded, , 910-911 

Half-wave rectification, 6, 1161, 1163, 1172, 
1175, 1176, 1178 
Hangover, 619 

Hanna's method, design of iron-cored 

inductors, 248-249 

Hard valve, definition, 1400 

Harmonic analyser, 106 

Harmonic analysis, graphical, 302-304, 305 

see also under Distortion. 
Harmonic composition of some periodic 

waves, 301-302 

Harmonic frequencies (harmonics), 62, 130, 300 

see also under Distortion, harmonic. 
Harmonic frequency, definition, 1400 

Harmonic generation in A-M receivers, 

tests for r-f, 1305 

Harmonic mean, 266-267 

Harmonic mixing, 958, 964-966, 991, 994-996, 

1000, 1001 
Harmonic motion, simple, 278-279, 702 

Harmonic operation of oscillators, 958, 964-966, 
991, 994-996, 1000, 1001 
Harmonic progression, 266-267 

Harmonics, effect of armature resonance 

on, 716 

Harmonics, oscillator, 954, 955, 956 

Hartley oscillator, 112, 951-952, 967 

Hash elimination with vibrators, 1210-1211, 
1270-1272, 1275-1276 
Headphones, 832-833 

Headphones, equalizing) 662 

Heater, 

current, testing ior, 3-j— 9** 

d.c. operation of, 744, 748, 785-786 

dissipation and temperature character- 
istic, 10, 11 
forms of heaters, 5 



Heater (continued) 

heater to cathode insulation 

effect on design, 81 

maximum ratings, 75, 81 

heater to cathode leakage 

hum due to, 81, 84, 540, 785, 1095, 1131, 

1196, 1197 

tests for, 73, 94, 123 

voltage/current characteristic, 10, 11 

voltage 

characteristics with reduced, 3, 73 

effect of variation on characteristics, 24 
line fluctuations of, 10 

permissible variation, 10 

ratings, 77, 78, 79 

recommended, published, 3, 10 

reduced, dynamic tests at, 74-75 

Heating of a resistor, 134 

Height above earth, aerial, effect of — 

charts, 898-900 

Height above earth, desirable aerial, 895 

Height of curve, average, 280 

Henry, 1332, 1333 

Heptode as phase splitter, 524 

Heptodes, 8, 9 

Hertz, definition, 1400 

Hertzian waves, wavelengths of, 404 

Heterodyne oscillators, 960-961 

Hexodes, 9 

High fidelity amplifiers, filter required to 
remove lower frequencies from out- 
put, 631 
High fidelity, practicable, 630-631 
High fidelity reproduction, 630-632 
High fidelity reproduction, permissible 

noise in, 630 

High fidelity, the target of, 630 

High frequency horns, 857-859 

High level, definition, 1400 

High pass filter, definition, 172, 1400 

High stability resistors (cracked carbon), 

186, 190 
Hill and dale recording, 701 

Hinge frequency, 759 

Hinge point in recording characteristics, 

737, 759 
Home recording, lacquer disc, 701, 766-768 
Honeycomb winding, definition, 1400 

Horizontal aerials, 895-896, 910 

Horizontal and vertical aerials, compari- 
son between, 895, 896 
Horn loudspeakers, 831, 832, 851-861 
Horns, high-frequency, 857-859 
Hot stylus recording technique, 767 
Hum 

acoustical measurement, 1310 

caused by electrostatic coupling, 539, 1198 
caused by inductive coupling, 539, 1197, 

1198 
distortion, 1309, 1314, 1322-1323 

due to a-f transformers, 206, 207, 210-211, 
540, 781, 785 
due to circuit design and layout, 1198-1199 
due to incomplete cathode by-passing, 786 
due to valves in magnetic field, 785, 786, 
788, 1198 
effect of feedback on, 309-310, 315, 316, 

348-352 
effect of grid resistor on, 1197 

heater induced, due to conditions within 

valves, 81, 84, 540, 1196-1198 
capacitive coupling, 788, 1196-1197, 1198 
emission heater-cathode, 1196, 1197 

leakage heater-cathode, 81, 84, 540, 785, 
1095, 1131, 1196, 1197 
methods for minimizing, 785, 786, 1197 
leakage from any electrode with ripple 

voltage to another electrode, 1196 
modulation of electron stream by 

magnetic field of filament, 1196, 1197 
summary, 1197-1198 

neater inuuceu uum, avoiucu oy u.c. 

operation, 744, 748, 785-786 

hum levels in receivers and amplifiers, 

1199-1200 
in filtered rectifier output, 1192-1196 
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Hum (continued) 

in noise limiters, 1131 

in phase discriminators, 1095 

in phonograph combinations, 1309 

in power amplifiers, 573-574, 599, 1199 
in pre-amplifiers, 784—786 

in radio receivers, 1237, 1239-1241, 1309- 

1310 
methods to reduce hum at minimum 

setting of volume control, 1237, 1240 
testing, 1309-1310, 1319 

tracing, 1241 

in ratio detectors, 1098 

in record reproduction, 705, 706, 719, 722, 763 
in rectified and filtered a.c. supply, 129 
in rectified and filtered plate supply, 

effect of feedback on, 309-310, 316, 
348-352 
power amplifiers, 573-574, 599, 1199 

voltage amplifiers, 538-540 

in unfiltered rectifier output, 1177 

in voltage amplifiers, 483, 538-540 

effect of coupling condenser on, 483 

from grid bias supply, 539 

from parallel feed, 538 

from plate supply, 538 

from screens, 539 

from transformer-coupled amplifier, 538 
level, pickup, 719, 722 

modulation hum, 1198, 1199, 1239-1241, 
1267, 1268, 1290, 1309, 1314 
modulation of oscillator, 958, 993 

neutralization in reflex receivers, in- 
herent, 1145 
neutralizing, 539, 785, 1200-1201, 1239 
references, 804-805 
screening, electrostatic, to reduce, 784,1198 
shielding of microphone and a-f trans- 
formers to reduce, 207, 210-211, 781, 784, 

1198 

with pentode valves in pre-amplifiers, 786 

with type 12AY7 low noise type 787-788 

with type 5879 low noise type, 787, 1198 

Hum bucking coil in loudspeakers, 840 

Humidity changes, oscillator frequency 

variation due to, 955-956 

Humidity, effect on resistors, 188-189 

Hunting, definition, 1400 

Hyperbola, 274 

Hyperbola, equation to, 280 

Hyperbolic cosine horns, 854 

Hyperbolic exponential horns, 853-854 

Hyperbolic functions, 269-271 

Hyperbolic tables, 1421 

Hypex horns, 853-854 

Hypotenuse, 272 

Hysteresis loop, 230 

Hysteresis loss, 230 



Illumination, units of, 1334 

Image attenuation constant of 4-terminal 

networks, 178, 179 

Image frequency, 987 

Image impedance, mid-series, 180, 181 

Image impedance, mid-shunt, 180-182 

Image impedances of 4-terminal net- 
works, 177-179 
Image phase constant of 4-terminal net- 
works, 178, 179 
Image ratio, 971, 978, 991, 1278, 1310 
Image rejection by r-f stage, 913, 925-927 
Image rejection circuit, 1256 
Image transfer constant of 4-terminal 

networks, 177-179 

Imagery for describing reproduced sound, 

604-605 
Images, procedure to distinguish from 

signal, 990-991 

Imaginary axis, 285 

Imaginary part of complex quantity, 140, 285 

Impedance, general, 139, 143 

a complex quantity, 144 

aerials, 901-906 



Impedance (continued) 

and admittance, 144-158 

calculations, ideal transformers, 200-203 
characteristic, of 4-terminal network, 179 
conjugate, 165 

conversion from series to parallel, 157-158 
driver transformer looking backwards, 591 
grid input, 49-53 

image, of 4-terminal networks, 177-179 

iron-cored inductors, measurement 

of, 250-251 

iterative, of 4-terminal networks, 176-177 
loudspeaker rating, 812, 874 

blocked, 838 

electrical, 837-838, 847-849, 856 

free, 838 

measurement source, 812, 874 

motional, 838 

standard, 874 

matching in pentodes, definition, 160 

maximum, determining parallel reson- 
ance, 151-152 
microphone electrical, 781 
microphone nominal, 781, 782 
microphone rating, standard for, 781 
mismatching in filters, 186 
of parallel combinations of L, C and 

R, 147-149 

of parallel tuned circuit, 149-152 

of power supply, effect on a-f amplifiers, 

535, 537, 574 
of reactance and resistance in parallel, 

graphical method, 149 

of series combinations of Z., C and R, 144-147 
of series-parallel combinations of L, C 

and R, 149-153 

of two-terminal network, general pro- 
cedure, 153 
ratio of transformer, effect of losses on, 206 
reactance and resistance 

in parallel (chart), 1380-1381 

in parallel (table), 1380 

in series (charts), 1384-1385 

in series (table), 1382, 1383 

in series or parallel, approximations 
in, 1386 

total effective plate supply per plate, 

1165-1167, 1180 
transmission lines, characteristic, 890-891 
transmission lines, impedance-trans- 
former action, 891-892 
transmission lines, input, 892 
Impedance, resonant, of parallel tuned 

circuit, 411 

Impedance, series, of tuned circuit, 409 

Impedances, negative stabilized, 389 

Impregnation of coils, 477 

Impulse, unit, as test for loudspeaker 

transient response, 870 

Incremental change of voltage, 13 

Index (indices), 255 

Index of a logarithm, 256 

Indicating instruments, • 825 

decibel meters, 825 

noise meters, 827-829 

power-level indicators, 825 

power output meters, 825 

sound level meters, 828 

volume indicators, 823-824 

Indoor aerials, 908 

Induced grid noise, 939-940 

Inductance, 140-144 

Inductance, calculation of (Chapter 10) 429-449 

flat spirals, 445-446 

iron core, powdered, effect of, 1042 

multilayer solenoids, 441-444 

approximate formulae, 442-443 

correction for insulation thickness, 442 

current-sheet inductance, 441—442 

design of multilayer coils, 443-444 

effect of concentric screen, 444 

universal coils, 444 

mutual inductance, 446-448 

references, 448-449 

single layer coils or solenoids, 429—441 

approximate formulae, 432 
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Inductance, calculation of (continued) 

current-sheet inductance, 429, 436-438 

curves for, 436-438 

design of single layer solenoids, 433-435 

difference between L s and L , 435-437 

effect of concentric screen, 438-441, 473 

solenoid wound with spaced round 

wires, 430 

straight wire, 1287 

toroidal coils, 445 

Inductance, critical value of, with choke 

input filter, 1182-1185 

Inductance, grid input, 49-53 

Inductance, ideal, 144 

Inductance in a.c. circuits, 142-143 

Inductance, mutual, 142 

Inductance of composition resistors, 189 

Inductance of iron-cored inductors, 242 

measurement of, 250-251 

Inductance of leads and electrodes, effect 

of, 46, 50, 51, 53, 69, 930, 931, 932 
Inductance of transformer primary, 

a-f, 204, 207, 209 

output, 212-214 

variation with signal, 547 

Inductance ratio of iron-cored inductors, 242 
Inductance, units of, 1332 

Inductances in d.c. circuits, 141 

Inductances in series and parallel, 141 

Inductive circuits, impedance in, 143 

Inductive circuits, power factor in, 144 

Inductive circuits, power in, 143 

Inductive reactance, 142 

Inductive reactance, sign of, 50 

Inductive susceptance, sign of, 50 

Inductor, 140 

Inductor dynamic loudspeaker, 832 

Inductor, electro-magnetic field due to, 140 
Inductor, electromotive force induced in, 140 
Inductor, figure of merit for, 144 

Inductor, flux produced by, 140 

Inductors, iron-cored, 242-253 

design for choke-input filters, 249-250 

design of high Q inductors, 245-247 

design with d.c. flux, 247-249 

Hanna's method, 248-249 

design with no d.c. flux, 243-245 

flux density, maximum, 243 

inductance, calculated, 242 

inductance ratio, 242 

length of magnetic path, 242-243 

measurement of inductance and im- 
pedance, 250-251 
permeability, effective, 242-243, 244 
permeability, incremental, 230, 243, 248 
references, 253 
resonant circuits, in, 251 
see also under Magnetic circuit theory, 

Transformers, 
swinging choke, 249, 250, 1182 

Inductors, radio frequency, design of 

(Chapter 11), 450-480 

intermediate-frequency windings, 453—459 
air-cored coils, 453-454, 1041-1043 

coupling, amount of, 458 

direction of windings, 458 

gear ratios for universal coils, 456-457, 1043 
iron-cored coils, 454-455, 1041-1043 

losses, 458 

other ferromagnetic materials, 458-459 
variable selectivity i-f transformers, 

455-456, 1048-1050 

see also under Transformers, i-f. 

medium wave-band coils, 459-463 

air-cored coils, 459-460 

iron-cored coils, 460-461 

matching, 462-463 

permeability tuning, 461-462, 912, 913, 

953, 1002, 1289 

resonance solenoid design chart, 1386-1387 

radio-frequency chokes, 474-475 

other types, 475 

pie-wound chokes, 474 

references, 478-480 

self-capacitance of coils, 451-453 

calculation for single layer solenoids, 

451-152 



Inductors, radio frequency (continued) 

effects of self-capacitance, 451 

measurement of self-capacitance, 453 

short-wave coils, 463—474 

aerial primary windings, 474 

design, " 463-468 

design charts, 466-473, 1386-1387 

direction of windings, 474 

matching, 468-471 

resonance design chart, 1386-1387 

self-capacitance, 472-474 

tropic proofing, 476-478 

baking, 476-477 

flash-dipping, 477 

general considerations, 476 

impregnation, 477 

materials, 477-478 

Inequalities, 262 

Infinite impedance detector — see under 

Detectors, A-M reflex. 
Infinite series, 268-269 

Infinity, definition, 261 

Inflection, point of, 293, 508 

Infrared rays, wavelengths of, 1363 

Inharmonic distortion in loudspeakers, 870 
Initial electron velocity of emission, 18 

In-phase a-f amplifiers, 529 

In-phase gain of push-pull amplifier, 528 

Input admittance, components of, _ 51-53 
Input admittance, converter signal grid. 

970, 973, 976-978, 980-981 

Input admittance, grid, 49-53, 113-117, 

493-494, 927-934, 970-988 

Input admittance, grid, due to 

electron transit time, 50, 51, 930-932, 971, 

975, 980, 985-986 

grid-screen capacitance coupling, 53 

plate-grid and grid-cathode capacitance 

coupling, 53 

plate-grid capacitance coupling, 51-53, 

493-494 

Input admittance, short-circuit, 50-55 

tests for, 113-117 

Input admittance, valve, effects of, 927-934 

Input, antenna sensitivity test, definition, 

1297-1298 
Input capacitance, change in, 927, 932-933 
Input capacitance change with bias change, 
value of cathode resistor for com- 
pensation of, 56 
Input capacitance, components of, 51 
Input capacitance, grid, 49-53 
Input capacitance of cathode follower, 323, 325 
Input capacitance of pentode with feed- 
back to screen, 345 
Input capacitance, short-circuit, change 

with transconductance, 55 

Input capacitances of pentodes, published 

values, 56 

Input circuit damping, 20, 70, 489, 1036, 1074, 

1077-1078, 1084 

Input circuit of network, definition, 160 

Input conductance 

converter signal grid, 976-978, 980-981, 
982, 987-988 
grid, 49-53 

short-circuit, typical values of, 55 

valve, at radio frequencies, 929-932 

Input impedance of aerials, 904 

Input impedance of reflex detector, 1085-1086 
Input impedance, unloaded a-f trans- 
former, 517 
Input inductance, grid, 49-53 
Input loading, valve, at radio frequencies, 

928-934 

minimizing by tapping down, 921 

Input measurements on F-M receivers, 1316 

Input power, peak grid, Class B2, 590 

Input reactance, grid, 49-53 

Input resistance 

cathode degenerative amolifier. 328 

effect of feedback on, 311-316 

grid, 49-53 

grid, methods of increasing, 53 

minimum grid, Class Bj, 590 
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Input resistance (continued) 

negative, instability due to, in Class B2 
amplifier, 590 

Input signal for pre-amplifiers, standard, 793 
Input, standard mean signal, in F-M 

receivers, 1314 

Input susceptance, converter signal 

grid, 976-978 

Input susceptance, grid, 49-53 

Input voltage, standard, A-M, definition, 1297 
Input voltages and powers in F-M re- 
ceivers, standard, 1314 
Insertion loss of frequency dividing net- 
works, 887 
Insertion loss of mixers and faders, 799 
Instability due to negative input resistance 

of Class B 2 amplifier, 590 

Instability in A-M receivers, 1243-1244 

Instability in F-M receivers, 1288-1289 

Instability in r-f amplifiers, 942-944 

Instability, low frequency, in F-M re- 
ceivers, tests for, 1319-1320 
Instability of valve electrical characteris- 
tics, 70 
Insulating materials, properties of, 1372-1373 
Insulation between valve electrodes, 69, 70, 73 
Insulation heater to cathode, effect on 

design, 81 

Insulation resistance, interelectrode, tests 

for, 73, 94 

Integer, definition, 1400 

Integral, 256, 294-298 

Integral dual loudspeaker systems, 860 

Integral triple, loudspeaker systems, 860 

Integrals, definite, 296-298 

Integrals, definite 5 average (r,m,s = ) value 

of sine wave, 298 

Integrals, definite, average values by, 297-298 
Integrals, indefinite , 296 

Integrating networks, 160 

Integration, 294-298 

Integration, areas by, 296 

Integration, limits of, 296 

Intensity, definition, 1400 

Intensity of pressure, units of, 1330 

Intensity, reference acoustical, 826 

Intercommunicating systems, 867 

Interference 

co-channel, in F-M receivers, tests for, 

1317-1318 

in A-M receivers, reduction of, 1279-1280 

masking, in F-M receivers, tests for, 1318 

tests in A-M receivers, 1313-1314 

Intermediate frequency, 964 

Intermediate frequency, definition, 1400 

Intermediate frequency transformers — 

see under Transformers, i-f. 
Intermediate frequency windings, design 

of, 453^59 

Intermodulation, definition, 1400 

difference frequency, 62 

distortion, 611-616 

comparison between methods, 616 

difference frequency method, 613, 1322 

effect of high frequency pre-emphasis 

and de-emphasis, 616 

equivalent single frequency power 

output, 612 

in amplifiers, 353, 1322 

in loudspeakers, 871 

individual sideband method, 613-614 

Le Bel's oscillographic method, 614-616 
modulation method, peak sum, 614 

modulation method, r.m.s. sum, 612 

of r.c.c. triodes, . 492-493 

permissible, 613, 630-631 

references, 633 

relation with harmonic distortion, 

612-613, 615 

Williamson amplifier (A515 version), 347 

production of spurious frequencies, 62 

r-f, in A-M receivers, tests for, 1305 

sum frequency, 62 

Inter-station noise suppression, 1125-1130 

Inverse functions, 276-277 



Inversion gain of push-pull amplifier, 528 
Inverted input a-f amplifiers, 325, 529 

Inverted L aerials, 901, 902, 903-904, 907 
Inverted T aerials, 907 

Ion bombardment of cathode, 3 

Ionic loudspeakers, 831 

Ionization, 3 

Ionization current 19 

Ionization noise, 783, 784 

Ionized layers in atmosphere, 404, 901 

Ionosphere, effect on reception, 901 

Ions, positive, 3, 71 

Iron-cored i-f coils, design of, 454-455, 

1041-1043 
Iron-cored medium wave-band coils, 

design of, 460-461 

Iron cores in r-f inductors, 450, 470, 475, 1023, 
1025, 1041, 1042, 1101 
Iterative impedances of 4-terminal net- 
works, 176-177 
Iterative transfer constants, 176-177 

J 

j as operator, 283 

j notation, 139, 283-284 

Johnson noise — see under Noise, thermal 

agitation. 
Joule, 133, 1332, 1333 

K 



Kelvin temperature scale, 


1334 


Kilogram, measure of mass, 


1332, 1333 


Kilowatt hour, 


133 


Kinkless tetrodes, 


8 


Kirchhoff's laws, 


159, 160-161 


Klipsch corner horn, 


857-859 



Labyrinth, acoustical, 850 

Lacquer disc home recording, 701, 766-768 
Ladder type attenuators, 796-797 

Lamb noise silencer, 1130, 1131 

Laminations for power transformers, 234-235, 

240 
Lamp characteristics, American panel, 1397 
Lamp, tungsten, spectral energy curves, 1396 
Lamps as control devices in volume ex- 
panders, 685, 687-688 
carbon filament, characteristics of, 685 
tungsten filament, resistance charac- 
teristic, 685 
Lamps, dial, in a.c./d.c. receivers, 1266-1267 
Lapel microphones, 780 
Lateral recording, 701-774 
Laws, in algebra, 265 
Layer, ionized, in atmosphere, 404, 901 
Layer winding, definition, 1401 
Lead, definition, 1401 
Leading voltage, current, 138 
Leak amplifier, 600 
Leakage current in valves, 19, 20, 51, 69, 70 
Leakage currents in valves, tests for, 101, 102 
Leakage currents of electrolytic con- 
densers, 193 
Leakage flux, 231 
Leakage from any electrode with ripple 
voltage to another electrode, hum 
due to, 1196 
Leakage, heater-cathode, hum due to, 

81, 84, 540, 785, 1095, 1131, 1196, 1197 

Leakage, heater-cathode, tests for, 73, 94, 123 

Leakage inductance, 204, 207, 209, 210, 212, 

217-219, 233 

driver transformer, effect of, 590 

output transformer 

pentodes, effects of, 566 

reduced by bifilar winding, 594 

triodes, effects of, 572-573 

Leakage, valve, noise caused by, 784 

Leaky grid detectors, 62, 1082-1084 

Learned's method of design of feedback 

amplifiers, 365, 369-371 

Length, units of, 1329, 1332 
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■Level control, L type, 889 

Level, loudness, contours of, 826 

Level, loudness, unit of, 826 

Level, minimum perceptible change in, 807 
Level, recorded, 702-703 

Level, recorded, maximum instantaneous 

programme peak, 702-703 

Level, recorded, normal maximum, 703 

Lexington moving coil pickup, 720 

Life, drift of characteristics during, 

23-24, 70, 84, 530, 533 
Life of condensers, service, 192 

Life of valves, when to replace, 121 

Life test, valve, end points, 88-89 

Life tests, valve, 75, 85, 87-89 

Life, ultimate electrical, of valve, 70 

Life, working, of valves, 3, 70, 121 

Light intensity, measure of, 1334 

Light, spectral energy curves of sunlight 

and tungsten lamp, 1396 

Light, velocity of, 1396 

Light, visibility curves of human eye, 1396 

Light, wavelengths of, 404, 1363 

Limen, 617-618 

Limiters, amplitude, 1023, 1040, 1088, 1090, 

1095, 1098, 1099, 1147-1150, 1296 

A-M rejection by ratio detector, 1095-1096, 

1103-1104 

applications of, 1023, 1040, 1088, 1090, 

1095, 1098, 1099, 1151 

limiting by superregenerative detector, 1087 

references, 1160 

time constant of, 1148, 1149 

typical circuits for F-M receivers, 1 149-1 150 

cascaded limiters, 1150 

single stage, 1149 

Limiters, noise peak, 694-698, 1130-1132 

Limiters, output, 698-699 

Limiters, peak, 681, 682-683 

Limiters, volume, 681, 683 

Limiting Class A amplifier, definition, 545, 572 

Limiting ratings — see under Valve ratings. 

Limits in algebra, 265-266 

Limits of integration, 296 

Line, measure of flux, 1332, 1333 

Line per square inch, 1332 

Line voltage, definition, 1401 

Line voltage fluctuations, 10 

Line voltage operation, valve ratings for, 78, 79 

Linear, definition, 1401 

Linear elements in networks, 158, 948 

Linear equation, 279 

Linear reflex detectors, definition, 1401 

Linearity (transfer) characteristic of a-f 

amplifiers, 587, 610, 611 

Link, 321 

Link coupling of tuned circuits, 418, 419 

Lip microphone, 780 

Listener fatigue, 626 

Listening levels, preferred, 623 

Listening tests of loudspeakers, 632, 834 

Listening tests of receivers, 1314 

Litre, measure of volume, 1329 

Litz wire in coils, 450, 456, 466, 1042 

Load, definition, 1401 

Load impedance for pre-amplifiers, stan- 
dard, 793 
Load line, general, 24, 58 
cathode, 29-30 
cathode bias, r.c.c. triodes, 29-30, 486-187 
composite, 576 
curved, driver valve, 591 
diode, 1075 
elliptical, 30-34, 64, 213, 576 
grid, 20 
maximum signal dynamic, 551 
screen, 513-514 
screen and cathode combined, 515-516 
shifted due to rectification, 551 
Load, loudspeaker, maximum output with, 881 
Load, loudspeaker, on power amplifiers, 

546, 558, 566-567, 600-601, 881-882 
Load, phase shift of, at low frequencies, 213 



43 

61 

311 



effect of change of, 

matching of, with Class Ai triodes, 

optimum with feedback, 



Load resistance (continued) 

power amplifiers, critical value of, 546 

Class A pentode, 561 

Class A triode, optimum, 557-558 

r.c.c. pentode, 496 

to give maximum gain, 507 

r.c.c. triode, 482 

Load, standard dummy, of receivers, 1299 

Loading of input circuit by converter valve 

admittance, 970, 973, 987-988 

Loading of transformer-coupled a-f 

amplifiers, 519 

Loading, valve, effect of a.v.c. on, 971 

Loading, valve, minimizing by tapping 

down, 921 

Locked oscillator — F-M detector, 1088, 

1292-1293 
Locus, definition, 1401 

Logarithm tables, 1418, 1419 

Logarithmic decrement, 268, 408, 424 

Logarithmic functions, 267-268 

Logarithmic graph paper, 280 

Log. scale interpolator, 1422-1423 

Log. scales, 1422 

Logarithmic series, 269 

Logarithms, 255-257 

Loop aerials, 901, 904, 908, 921-922 

Loop amplification, feedback, 356 

Loop, feedback, 307, 336 

Loss, copper, in power transformers, 235, 236 
Loss, iron, in power transformers, 235 

Loss, playback, 760 

Loss, translation, 759, 770 

Losses in transformers, relation between 

copper and iron, 205 

loudness, 826-827 

contours of equal loudness level, 826 

definition, 1401 

loudness directivity index, loudspeaker, 875 

loudness efficiency rating, loudspeaker, 875 

loudness units, 827 

phon, unit of loudness level, 826 

reference intensity, 826 

reference pressure, 826, 828 

reference velocity, 826 

references, 830 

relation between loudness and loudness 

level, 827 

Loudspeakers (Chapter 20), 831-S79 

acoustical data, summary of, 871-874 

definitions, 871-872 

electrical, mechanical and acoustical 

equivalents, 872 

musical scales, 873-874 

pitch, international standard, 874 

velocity and wavelength of sound, 872 
baffles and enclosures, 842-851 

acoustical labyrinth, 850 

acoustical phase inverter (vented 

baffle), 845-850 

combination horn and phase in- 
verter for personal radio re- 
ceivers, 859 
matched vented baffles, 847-849 
equivalent electrical circuit, 848-849 
flat frequency response, design 

for, 849 

impedance characteristic, elec- 
trical, 847-849 
special types of, 1479 
unmatched vented baffles, 849-850 
adjustable vent area, 849 
enclosed cabinet, 843-845 
acoustical damping to eliminate 

standing waves, 843-845, 849 

bass attenuation with, 844-845 

critical damping, effects, of, 844-845 
damping, 841, 844-845 

equivalent electrical circuit, 844-845 
standing waves, in, 843 

exterior of cabinet, design of, 850 

flat baffles, 842 

damping with, 833, 840-842 

dip in response with, 842 

impedance characteristic with 837-838, 

848 
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Loudspeakers (continued) 
irregular shape, 
off-centre mounting, 

open back cabinets, 
peak in response, 

R-J loudspeaker, 



842 
842 
842-843 
843 
850 



bass reflex — see under Acoustical 

phase inverter. 

characteristics, 833-834 

colour codes for, 1343 

cone movement, amplitude cf, 834 

damping, 833, 840-842, 844-845, 856 

critical, 833, 840-841, 844-845 

critical, definition, 840 

effect on transient response, 833 

electro-dvnamic, enclosed cabinet, 

841, 844-845 

electro-dynamic, flat baffle, 833, 840-842 

electro-magnetic damping, 840 

Q of loudspeaker at bass resonance, 841 

feedback of voltage, proportional to 

velocity of cone, 841-842 

source impedance, effect of zero or 

negative, 841 

deflectors, 839 

diffusing lenses, 839, 858 

direct radiator loudspeakers, 831-851, 

860-864 
condenser, 832 

electro-dynamic (moving coil), 

831, 833-851, 860-864 
electro-magnetic, 831-832 

balanced armature, 831-832 

inductor dynamic, 832 

reed armature, 831-832 

piezo-electric (crystal), 832 

direct radiators, definition, 831 

directional characteristics, 834, 839-840, 856 
directivity index, 875 

distortion, 854-855, 868-871 

cross-over, 856, 860-861, 868 

frequency modulation, 855, 869 

horn loudspeakers, occurring in, 854-855 
inharmonic, 870 

intermodulation, 871 

non-linear, 836, 855, 868 

phase shift characteristics, 838, 870 

selective, below bass resonant fre- 
quency, 600-601, 868 
sub-harmonics and sub-frequencies, 871 
transient, 833, 869-871 
effect of other characteristics on, 869-870 
testing for, 870-871 
decay characteristic (Shorter's 

method) 870-871 

square wave, 870 

tone burst, 870 

unit impulse, 870 

dual and triple system loudspeakers, 860-861 

choice of cross-over frequency, 860-861 

co-axial and co-planar mounting, 860 

compromise arrangements, 861 

frequency dividing networks, 860, 887-889 

integral dual systems, 860 

integral triple systems, 860 

overlap region, 856, 861 

distortion in, 856, 860-861, 868 

effects of unequal acoustical paths, 861 

phasing of, 860 

efficiency, 839, 854-855, 860 

efficiency in terms of acoustical power, 

875-876 
electro-dynamic (moving coil), charac- 
teristics of, 833-842 
cone movement, amplitude of, 834 
cones, practical, 834, 835-836, 839 
corrugations in cones, 835-839 
damping, 833, 840-842 
critical, 833, 840-841 
effect on transient response, 833 
deflector for, 839 
diffusing lens, 839 
directional characteristics, 834, 839-840 
duode, 837 
efficiency, 839 
electro-acoustical, 839 
electro-mechanical, 839 
maximum, frequency of, 839 



Loudspeakers (continued) 

equivalent electrical circuit, low fre- 
quencies, 838 
equivalent electrical series circuit, 839 
frequency response, 833, 838 
peaks in, 833, 834 
hum bucking coil, 840 
impedance, blocked, 838 
impedance characteristic, electrical, 

837-838 
impedance, free, 838 

impedance, motional, 838 

magnetic flux, effect on damping, 

831, 840, 841 
magnetic flux, effect on efficiency, 831, 840 
magnetic flux, optimum for frequency 

response, 840 

magnets, types of, 831, 840 

phase characteristic, 838 

power output, maximum, 836 

radiation resistance of piston, 835 

resonant frequency, bass, 836, 837-841, 
844-845, 848-849 
rigid (piston) cone in infinite baffle, 835 
source impedance, effect of, 833 

special constructions for wide fre- 
quency range, 836-837 
double coil, double cone, 837 
double coil, single cone, 836-837 
multiple single coil, single cone, 836 
single coil, double cone, 836 
suspension, cone, 835-836 
compliance, 836 
non-linear, 836 
resistance, mechanical, 836 
spider (centre mounting), 835 
stiffness, 836 
stiffness-control by, 836 
surround, annular, 835-836 
equivalent circuits, 838, 839, 844-845, 

848-849 
feedback of voltage proportional to 

velocity of cone, circuit to give, 841-842 

frequency response, 833, 838, 854-855, 860 

peaks in, 833, 834, 860-861 

good qualities of, 834 

grilles (grille cloth), 835 

headphones (telephone receivers), 832-833 

crystal, 833 

inductor, 833 

magnetic diaphragm, 832 

correction, circuit for, 833 

moving armature, 833 

moving coil, 833 

ribbon, 833 

horn, definition, 831 

horns, 831, 832, 851-861 

catenoidal, 854 

combination horn and phase inverter 

for personal radio receivers, 859 

conical, 851, 854 

corner, 856 

Klipsch, 857-859 

damping and transients, 856 

diaphragm and throat, 854-855 

diffusing lenses, use of, 858 

directional characteristics, 856 

distortion due to 

frequency modulation, 855 

sound chamber, 855 

suspension, non-linear, 855 

throat, 854-855 

driving units, 855 

efficiency, 855, 860 

efficiency and frequency range, re- 
lation between, 854-855 
exponential, 851-853, 854 
dimensions of, 852, 853 
flare cut-off frequency, 852 
flaring constant, 851, 852 
minimum useful frequency, design 
on basis of, 852-853 
folded, 856-859 
concentric, 856-857 
low frequency, 856-858 
reflex, directional, 856-857, 867 
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Loudspeakers (continued) 

frequency limitations, 854 

high-frequency, 857-859 

hyperbolic cosine, 854 

hyperbolic exponential, 853-854 

hypex, . 853-854 

impedance, electrical, 856 

multi-cellular construction, 858 

public-address, use in open air, 867 

rooms, use in, 856 

sound chamber, _ 854-855 

impedance characteristics, electrical, 

837-838, 847-849, 856 

impedance, standard for sound systems, 874 

in operation, 861-867 

acoustical feedback, avoidance of, 866 

acoustics of rooms, _ 864-865 

background music in factories, 867 

effect of noise level, 867 

extension loudspeakers, 883-886 

loudspeaker placement, 865-867 

multiple loudspeakers, 867, 882-883 

Haas effect, 867 

time delay in, 866 

operation at long distances from 

amplifier, 886 

power required, indoors, 863-864 

absorption coefficient, 863 

chart — acoustical power to produce 
intensity 80 db V's room volume, 

863, 864 

reverberation time, 863-864 

power required, outdoor, 861-863, 866, 867 

chart-intensity v's watts output at 

specified distances, 862 

public address, open air, 867 

sound reinforcing systems, 866-867 

sound systems (constant line voltage), 

874, 883 
stereophonic reproduction, 865-866 

pseudo stereophonic effect, 866 

intercommunicating systems, 867 

ionic, 831 

line source, 866-867 

loudness directivity index, 875 

loudness efficiency rating, 875 

loudspeaker load with power amplifiers, 

558, 566-567, 600-601, 881-882 
magnetic flux, effect on damping, 

831, 840, 841 
magnetic flux, effect on efficiency, 831, 840 
magnetic flux, optimum for frequency 

response, 840 

magnets, types of, 831, 840 

electromagnet, 831, 840 

permanent magnet, 831, 840 

matching, 880-882 

matching Class A triodes, 881 

matching pentodes, 881-882 

metal cone, 836 

network between power valve and loud- 
speaker, 880-889 
optimum plate resistance, 880-881 
output expressed in decibels, in terms 

of acoustical pressure, 812 

power rating from standard distribu- 
tion lines, 874 
pressure-frequency response (pressure 

level), 875 

pressure rating, 812, 862, 874 

rating impedance, 812, 874 

references, 876-879 

references to matching, extension loud- 
speakers and divider networks, 889 
reflections in rooms, effect of, 833, 841, 

864-865 
room resonances, 841, 864-865 

sound system rating, 812-813 

sound impedance, effect of, 833, 840-841, 
844-845, 848-849 
source impedance, effect of zero or 

negative, 841 

source impedance, measurement, 812, 874 

standards for loudspeakers, 874-876 

sound equipment, 874-876 

loudspeaker directivity index, 875 

loudspeaker efficiency in terms of 

acoustical power, 875-876 



Loudspeakers (continued) 

loudspeaker impedance, _ 874 

loudspeaker loudness directivity 

index, 875 

loudspeaker loudness efficiency 

rating, 875 

loudspeaker measurement source 

impedance, 812, 874 

loudspeaker output expressed in 
decibels, in terms of acoustical 
pressure, 812 

loudspeaker power rating from 

standard distribution lines, 874 
loudspeaker pressure-frequency 

response (pressure level), 875 

loudspeaker pressure rating (pres- 
sure efficiency), 812, 862, S 74 
loudspeaker rating impedance, 812, 8 74 
loudspeaker standard test signals, 

874-875 
voice coil impedance for radio re- 
ceivers, 874 
voice coil impedance for sound 
equipment, 883 
tests, listening, 632, 834 
throttled air flow, 832 
tweeter, 832, 860-861 
types of, 831 
vented baffle — see under Baffles and 

enclosures, 
vibration of walls etc., effects of, 864 

voice coil impedance for radio re- 
ceivers, standard, 874 
Low level, definition, 1401 
Low-pass filter, definition, 172, 1401 
Lumen, 1334 
Luminous flux, unit of, 1334 
Lux (metre candle), 1334 

M 

M.K.S. system, 1331, 1332 

Maclaurin's series, 299 

Magic eye tuning indicators, 1132-1136 

Magnetic and electric fields of wave, 

relation between, 897 

Magnetic and electrical units, 1331-1333 

Magnetic circuit theory, 229-233 

air loadline, 232 

BH characteristics, 230 

coercive force, 231 

flux density, 229 

flux, lines of, 229 

fringing, 231 

fundamental magnetic relationships, 229-231 
hysteresis loop, 230 

hysteresis loss, 230 

leakage flux, 231 

length of magnetic path, 242-243 

magnetic circuit, 231-232 

magnetic units and conversion factors, 

232-233 

magnetization curve, normal, 231 

magnetomotive force, 229 

permeability, 230 

permeability, average, 231 

permeability, effective, 242-243, 244 

permeability, incremental, 230, 243, 248 

potential difference, magnetic, 231-232 

reluctance, 229 

remanence, 230 

remanent flux density, 230 

residual flux density, 230 

see also under Transformers ; Inductors, 

iron-cored. 

Magnetic field, energy stored in, 141 

Magnetic field of coil, kinetic energy of, 407 

Magnetic field of radiated electromagnetic 

energy, _ 404 

Magnetic field set up by inductor, 140 

Magnetic field, valves used in, hum due 

to, 785, 786, 788, 1198 

Magnetic recording, 701 

Magnetic units, 232-233 

Magnetization curve, normal, 231 

Magnetizing current in power trans- 
formers, 235 
Magnetizing force, measure of, 1332 
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Magnetomotive force, 229 

Magnetomotive force, measure of, 1332 

Magnets, types of, in loudspeakers, 831-840 
Magnification factor, 144, 409, 424, 425 

see also under Q factor. 
Magnitude of complex quantity, absolute, 140 
Mains filters, 475, 1279-1280 

Mains operation, valve ratings for, 78, 79 

Mains voltage fluctuations, 10 

Mantissa, 256 

Manual, definition, 1401 

Marconiphone Model 12A pickup, 719 

Masking effect of noise, 620-621, 625, 629, 679 
Masking interference in F-M receivers, 

tests for, 1318 

Mass, units of, 1329, 1332 

Matching and effects of mismatching, push- 
pull 
pentodes, 584 

triodes, 580-582 

Matching generator to load, section of 

transmission line for, 892 

Matching, impedance, in networks, 

definition, 160 

Matching loudspeakers, 880-882 

Matching of load with Class Ai power 

triode, 61 

Matching of medium wave-band coils, 462-463 
Matching of short-wave coils, 468-471 

Materials, ferromagnetic, 458-459 

Materials for tropic-proofing coils, 477—178 
Materials, properties of, 1372-1376 

Mathematical signs, 1366 

Mathematics (Chapter 6), 254-305 

Maximal flatness feedback amplifiers, 

367, 378, 382-385 
Maximum grid circuit resistance — see 

under Grid circuit resistance. 
Maximum negative grid currents of 

valves, 101-102 

Maximum power output, distortionless 

valve, 46, 60-61 

Maximum power transfer theorem, 165 

Maximum ratings, valve, 9, 75-80 

absolute maximum system, 9, 77 

design-centre system, 9, 77-80 

see also Valve ratings. 

Maximum signal, definition, 1401 

Maximum undistorted power output, 

definition, 1298, 1315, 1401 

Maximum value of function, conditions 

for, 292 

Maxwell, 229, 1332, 1333 

Mayr's method of designing feedback 
amplifiers with flat frequency res- 
ponse, 379-382 
Mcintosh amplifier, 594-596 
McProud test of pickup and arm, 715 
Mean frequency, geometrical, 130 
Mean geometrical progression (geometrical 

mean), 266-267, 272 

Mean proportional, 272 

Measurements — see under Tests and 

measurements. 

Medium of transmission of a wave, 403 

Medium wave-band coils, design of, 459-463 

Medium wave-band coils, matching of, 462-463 

Mercury, pressure due to, 1330 

Mercury vapour rectifiers, 1161, 1164, 1165 

Mesh, definition, 159 

Metallized paper dielectric condensers, 195 

Meters for testing receivers, 1300 

Metre, measure of length, 1329, 1332, 1333 

Metric ton, 1329 

Mho, 1332, 1333 

Mho per centimetre cube, 1332 

Mica dielectric condensers, 196 

Mica, silvered, condensers, 196 

Microgroove recording, 701 

Micron, measure of length, 1329 

Microphones, 775-782 

carbon, 775, 777-778 

ceramic piezo-electric, 779 

condenser, 778 

crystal, 775, 778-779 

crystal, optimum load for 788 

definition, 781 



Microphones (continued) 

directional characteristics, 779-780 

bi-directional, 779, 780 

cardioid, 780 

non-directional, 780 

pply-directional, 780 

uni-directional, 780 

directional pattern, standard for, 781 

effective output level, 776 

equalization of, 781 

field response, definition, 781 

impedance, electrical, 781 

impedance, nominal, 781, 782 

lapel, 780 

lip, 780 

moving coil (dynamic), 775, 779 

output expressed in decibels, 808-810 

output voltage and sound pressure, 

relation between, 775 

pre-amplifiers, for use with, 788-793 

pressure gradient, 775 

pressure operated types, 775 

pressure ribbon, 775, 779 

rating impedance, 781, 809 

ratings, 776-777 

power, 776 

relationship between voltage and 

power, 776-777 

system rating, R.M.A., 776, 809-810, 

812-813 

typical, 777 

voltage, 776 

volume units, 776 

references, 804 

sound pressure with conversational 

speech, 775 

standards for, 781-782 

throat, 780 

transformers, 781 

velocity operated types, 775 

velocity ribbon, 775, 779 

Microphonic, definition, 1401 

Microphony 

in a-f amplifiers, tests for, 1311, 1324 

in receivers, tests for, 1311, 1312 

in valves, 73, 84, 786, 957-959, 1241-1242 

in valves, tests for, 74, 107, 113, 121 

other than valves, 1241-1243, 1250-1251, 

1253, 1256, 1311 

Mil, measure of length, 1329 

Miller effect, 51, 52, 70, 493-494, 512, 598, 

923, 1062, 1157 

Minimum value of function, conditions 

for, » 292 

Minimum volume effect in reflex re- 
ceivers, 1141, 1142 
Mirror image, definition, 1401 
Mistiming in F-M receivers, tests for, 1320 
Mixed coupling in i-f transformers, 

1025, 1044-1048 

Mixer, definition, 1401 

Mixers and faders, 798-805 

constant impedance mixers 801-804 

bridge type, 802 

choice of mixer circuit, 803 

coil miidng, 802 

parallel type, 801-802 

precautions with studio type mixing 

systems, 803-804 

series type, 802 

series-parallel type, 802 

electronic fader mixer using 6BE6, 797-798 

fader, definition, 799 

insertion loss of, 799 

mixing, definition, 799 

non-constant impedance, 798-801 

common plate load method, 799-800 

control of volume with, 800-801 

parallel network mixer, 799 

series network mixer, 799 

series network mixer, modified, 799 

references, 805 

Mixers, operation of frequency converters 

and, 962-1001i 1017-1019 

Modulation, anti-, bass frequency, 1116 



1452 



INDEX 



Modulation, definition, 1401 

Modulation distortion, cross, 945, 1114 

Modulation, downward, in F-M receivers, 

tests for, 1320 

Modulation envelope distortion, 944-945 

Modulation hum, 1198, 1199, 1239-1241, 1267, 

1268, 1290, 1309, 1314 

Modulation of electron stream by magnetic 

field of filament, hum due to, 1196, 1197 
Modulation of groove in recording, 702 

Modulation percentage applied to detector 1078 
Modulation ratio, critical, in diode de- 
tectors, 1076-1077, 1081 
Modulation, reduction in percentage, in 

reflex receivers, 1143 

Modulation rise in i-f amplifiers, 1112, 1114, 
1117, 1118, 1232 

Modulation, standard test, in F-M re- 
ceivers, 1314 
Modulation systems as d-c amplifiers, 532 
Modulation, systems of, • 405-406 
Modulator valve (mixer), 962 
Modulus of complex quantity, 140, 285 
Molecules, 1 
Monaural, definition, 1401 
Monkey chatter, 1303-1304, 1305 
Motorboating, definition, 1401 
Motorboating in a-f amplifiers, 535, 537 
Mounting position for valves, 4, 80 
Moving coil (dynamic) microphones, 775, 779 
Moving coil loudspeakers, 831, 833-851, 

860-864 
Mu-factor, definition, 14 

Mu-factor, plate to screen, 35-36 

Mu-factor, screen to control grid, 35 

Mu-factors, interelectrode, 73 

Multi-cellular horns, 858 

Multi-grid valves as r.c.c. amplifiers, 516 

Multi-grid valves in volume expanders, 

685, 691-692 
Multi-grid valves, power, Class A, 560-570 
Multi-stage voltage amplifiers, 541 

Multiple channel amplifiers for tone 

control, 673-674, 676 

Multiple feedback system, 365, 374-378 

Multiple loop feedback amplifiers, 375 

Multiple loudspeakers, 867, 882-883 

Multiples and sub-multiples, 1405 

Multiplication, 260 

Multipliers, 1363 

Music and acoustics, references, 634 

Music in factories, background, 867 

Musical scales, 873-874 

Muting (q.A.V.C), 1125-1130 

biased diode systems, 1125-1126 

circuits used with F-M receivers, 1 128-1 130 

inoperative audio amplifier, 1126-1128 

references, 1139 

Mutual characteristics, 17-18 

Mutual characteristics, shift during life, 23-24 

Mutual conductance, definition, 14 

see also Transconductance grid-plate. 
Mutual conductance, graphical determina- 
tion, 15, 16, 17 
Mutual conductance of r.c.c. pentodes, 

506, 507-508, 511 
Mutual conductance of r.c.c. triodes, 493 

Mutual conductance, tests for, 74, 103-104, 
113, 123, 124 
Mutual conductance, triode, of pentode, 34 
Mutual inductance, 142 

Mutual inductance, calculation of, 446-448 
Mutual inductance coupling in aerial 

stages, 916-920 

Mutual inductance coupling in i-f trans- 
formers, 1023, 1025-1041, 1046, 1048-1050 
Mutual inductance, coupling of tuned cir- 
cuits by, 417 
Mutual inductive coupling in r-f ampli- 
fiers, 922-923 
Mutual inductive coupling, tuned cir- 
cuits, 418, 419 



N 

Nagaoka's constant, 430 

Naperian system of logarithms, 267 

Natural resonant frequency, 407, 408, 424 

Nautical mile, 1329 

Needle talk (chatter), 714, 718, 719, 760, 762 
Needles 

fibre, 710 

semi-permanent, 709 

steel, 709, 711 

thorn, 710 

trailing, 711, 726 

see also under Stylus. 
Negative feedback — see under Feedback. 
Negative grid current — see under Grid 

current, negative. 
Negative impedances, stabilized, 389 

Negative transconductance oscillator, 953-954 
Negative transconductance to provide bass 

boosting, 648 

Nepers, 825-826 

Network, definition, 1401 

Network, resistive, procedure with, 133 
Networks (Chapter 4), 128-198 

Networks, theory of, 158-171 

active, definition, 160 

between power valve and loudspeaker, 

880-689 

characteristic impedance of, 179 

corrective, in feedback amplifiers, 371 

definitions, 159 

differentiating and integrating, 160 

four terminal, 166-167 

bridged T section, 166-167 

definition, 159 

equivalent T and JJ sections, 167 

image attenuation constant, 178, 179 

image impedances, 177-179 

image phase constant, 178, 179 

image transfer constant, 177-179 

iterative impedances, 176-177 

iterative transfer constant, 176-177 

lattice section, 166, 167 

TI section, 166, 167 

T section, 166, 167 

frequency dividing, 184-185, 860, 887-889 

impedance matching, definition, 160 

input circuit, definition, 160 

input impedance of passive network, 169 

Kirchhoff's laws, 159, 160-161 

minimum phase shift, 359, 374 

multi-mesh, 167-170 

flat, 167 

mesh equations, 167-169 

mutual impedances, 167, 168 

mutual inductance, 168, 169 

self-impedance, 168 

non-linear components in, 158, 170 

non-linear elements in, 158, 170 

Norton's theorem, 165 

Ohm's law, 130, 131, 158 

output circuit, definition, 160 

parallel combinations of L, C and J?, 147-149 

parallel T, 176, 647, 651, 657, 675-676, 

737-738, 745-749 
passive, definition, 160 

phase shift, 170 

phase-shifting, in feedback line, 378 

potential dividers, 161-164 

problems, hints on solution, 159 

references to, 171 

series combinations of L, C and R, 144-147 
series-parallel combinations of L, C and 

R, 149-153 

symmetrical, 179 

Thevenin's theorem, 164 

transfer impedance of 4-terminal net- 
work, 169 
transients in, 171 
two-terminal, definition, 159 
two-terminal, general procedure to de- 
termine impedance, 153 
valve, general case, 64 
Wheeler, 368, 377 
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Neutralization, definition, 1401 

Neutralizing, 

effect on input capacitance, 1063 

hum neutralizing, 539, 785, 1200-1201, 1239 

in converters, 959, 969, 970, 975-977, 978, 

992, 1000, 1001 

in i-f amplifiers, 1065-1067, 1291 

in reflex receivers, 1145 

Neutron, 2 

Newton, measure of force, 1332, 1333 

Node, definition, 1401 

Noise 

audibility tests of receivers, 1310-1311, 1319 
background, effect of volume expansion 

on, 679, 763 

circuit, 782-783 

current noise, 783 

current, of resistors, 190 

diode, 1308, 1309 

effect of feedback on, 309-310, 315, 316 
effect on sound reproduction, 624-625 

equivalent noise resistance of valves, 
783-784, 937-938, 967-968, 972-973, 
978, 984, 1230 
equivalent noise sideband input, 1307 

factor, 1262, 1307-1309 

factor of grounded-grid stage, 925 

flicker effect, 783 

impulse, effect on F-M receivers, 1148 

in cathode followers, 327 

in converters, 967-968, 972-973, 978, 984 
in high fidelity reproduction, per- 
missible, 630 
in pre-amplifiers, 782-784 
in receivers, 694-699, 1108, 1114, 1118, 
1119, 1130-1132, 1229-1234, 1262, 1307- 

1309, 

a.v.c. and noise, 1108, 1114, 1118, 1119 

1229-1234 

measurement of, 1262, 1307-1309 

noise limiting, 694-699, 1130-1132 

tests for, 1307-1309 

see also under individual stages 

(amplifier, r-f, etc.). 

in superregenerative detectors, 1087, 

induced grid, 939-940 

inter-station noise suppression, 1125-1130 

ionization, 783, 784 

level, definition, 829 

level in amplifier output, permissible, 625 

level in amplifiers, measurement of, 1324 

level in factories, effect on music, 867 

level, weighted, standard, 829 

low noise input stage, cathode follower 

as, 789-790 

low noise valve types, 786-788 

man-made, reduction of, 1279-1280 

masking, effect of, 620, 621, 625, 679 

masking of speech by, 629 

measurement of sound level and noise, 

827-830, 1324 
acoustical noise, 827 

electrical noise, 827 

noise in amplifiers, measurement of, 

829-830, 1324 
broadcast systems, 829 

sound equipment, 829, 1324 

noise in receivers, measurement of, 

1262, 1307-1309 
objective noise meter, 828 

radio noise, measurement of, 829-830 
radio noise meter, 829-830 

references, 830 

sound level meter, American stan- 
dard, 828 
sound levels, typical — table, 828-829 
weighting network, 827-328 
noise audibility, test for, 1310-1311, 1319 
noise bandwidth, 936 
noise current, 935 
noise factor, 925, 1262, 1307-1309 
noise-power output, average, 935 
noise voltage, r.m.s., 935-942 
of resistors, 189-190, 783, 1345, 1356 
partition, in converters, . 972, 984 
partition, in pentodes, 783 



Noise (continued) 

peak limiters, 694-699 

see also under Noise limiting in re- 
ceivers, 
random, 704, 782, 935-942 

reduction in A-M receivers, 1279—1280 

reduction in record reproduction, 763-765 
references, 634, 804-805, 945-946 

resistance fluctuation noise of resistors, 190 
room, 620-621, 625 

shot effect, 783, 787, 936-938, 1230 

signal to noise ratio, 

definition, for audio facilities for 

broadcasting systems, 829 

in receivers, tests for input to give 

specified signal to noise ratio, 1302, 1303 
in record reproduction, 704-705, 766, 770 
in reflex receivers, 1146 

maximum possible in microphone 

pre-amplifiers, 788 

standard, in pre-amplifiers, for 

broadcasting, 793 

with crystal microphones, 788 

suppressor, Olson, 763 

suppressor, Price balanced clipper, 765 

suppressor, Scott dynamic, _ 764 

surface (needle scratch) and dynamic 

range in record reproduction, 704-705 

763-765 

thermal agitation, 4, 189-190, 782, 788, 

935-936 
total noise calculations, 940-942 

valve, 4, 70, 73, 81, 782, 783, 784, 788, 
935-942, 967-968 
tests for, 74, 107, 113, 124 

valve leakage, 784 

white, 619 

Noise limiting in receivers, 694-699, 1130-1132 
Lamb silencer, 1130, 1131 

noise limiter, automatic threshold con- 
trol, 695, 1131-1132 
noise limiter, degenerative, 698 
noise limiter, other types, 694-697 
noise limiter, series diode, 694-696, 1131 
noise limiter, shunt diode, 697, 1131 
output limiters, 694. 698-699 
references, 699-700, 1139 
Non-linear, definition, 1401 
Non-linear elements in networks, 158, 170, 948 
Non-linearity in valves, 61, 948, 1164 
Non-synchronous vibrators, 1202-1203 
Norton's theorem, 165 
Nucleus of atom, 1 
Null point indicator using electron ray 

tuning indicator, 1134-1135 

Numbering systems for valves, 10-12 

Numerator, definition, 1401 

Numerical values, 1406 

Nyquist criterion of stability, 356, 375 

Nyquist diagram, 338, 339, 356-359, 366, 375 



o 

Octal sockets, use of pin No. 1, 81 

Octaves and decibels, calculations in- 
volving, 637—638 
Octaves, decades and frequency ratio 

(table) 368 

Octode, 92 

Oersted, 1332, 1333 

Ohm, 1332, 1333 

Ohm-centimetre, 1332 

Ohm's law, 130, 131 

Ohm's law in network analysis, 158 

Olson noise suppressor, 763 

On (and off) contact time in vibrators, 1205 
Open back cabinet, 842-843 

Open-circuit, definition, 1401 

Open-circuited electrodes, . tests for, 

73, 91-93, 123 
Operating conditions, effect of change in, 42—44 
Operating conditions for valves, typical, 80 
Operation cf valves, recommended, ■ 80-84 
Operator, j as, 283 

Operator, trigonometrical, 286, 287 
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Operators, symbols, 1364 

Optical methods of testing frequency test 

records, 752-753 

Orchestra level, maximum, 623 

Orchestra, peak acoustical power of, 623 

Order, definition, 1401 

Ordinate, 279 

Orienting a-f transformers to give least 

hum pickup, 785 

Orthacoustic recording characteristic, 730-731 
Oscillation, conditions for maintenance 

of, 949-954 

Oscillation due to instability, 943-944 

Oscillation, parasitic, 316, 345, 365, 547, 562, 
572, 582, 585, 587-588, 590, 952-953, 
959, 1283 
Oscillation, unstable, 958-959 

Oscillations, damped, 408, 424 

Oscillators, general (Chapter 24) 947-961 
beat frequency oscillators, 954, 960-961, 1263 
Class A, B and C, 954 

Colpitts, 952-953, 1290 

conditions for maintenance of oscilla- 
tion, 949-954 
electron-coupled, 953, 954, 958 
factor of merit for oscillator valve, 950 
feedback winding for good tracking, 1004 
flutter, 955, 958 
frequency stabilization, 957-958, 1289 
frequency variation, causes of, 950, 955-956 
at high frequencies, 968 
due to changes in supply voltage, 

949, 953, 955 
due to oscillator harmonics, 956 

due to temperature and humiditv 
changes, 955-956 

frequency variation in converter os- 
cillators due to a.v.c. 963, 993-994 
grid current, test for, 74, 1 1 1-1 12 
harmonic operation of (harmonic mix- 
ing), 958, 964-966, 991, 994-996, 1000, 
1001, 1289 
Hartley, 112, 951-952, 967, 1290 
in superhet. receivers, comments on, 

1244-1248 

in superhet, receivers, requirements for, 954 

introduction, 947-948 

L/C ratio of. 957 

locked oscillator F-M detector, 1088, 

1292-1293 

negative transconductance, 953-954 

oscillator section of converter valves, 968 

driven, 109 

self-excited, 108-109 

parasitic oscillations, 952, 953, 959, 1290 

performance, tests for, 111-112 

practical design, methods used in, 959-960 

Q of circuit, 957 

radiation from, in F-M receivers, 

measurement of, 1311, 1320 

references, 961 

squegging, 958 

tapping down on coil for stability, 957 
temperature compensation, 196, 956, 957, 

1041 
test circuit, Boonton, 112 

tests for oscillator characteristics, 111-113 
transconductance, phase shift of, 968 

transconductance, test for, 74 

tuned-grid, 950-951, 952 

tuned-plate, 949-950, 951, 952, 994 

tuned-plate operation of frequency con- 
verters, 994, 1248 
tuning capacitor plates, vibration of, 958-959 
types of circuits, 947, 949-954 
unstable oscillation, 958-959 
Oscillatory transient response in feedback 

amplifiers, 365, 367, 382, 386 

Output admittance, short-circuit, 50-55 

Output admittance, short circuit, test for, 117 
Output capacitance of cathode follower, 

323-324, 325 
Output circuit of network, definition, 160 

Output circuit of push-pull a-f voltage 

amplifiers, 527-528 

Output impedance of cathode follower, 320 



Output level for pre-amplifiers, standard, 793 
Output limiters, 698-699 

Output, maximum, in receivers, defini- 
tion, 1482 
Output, normal (standard) test, defini- 
tion, 1298, 1315 
Output power, 

graphical determination of, _ 549 

maximum undistorted, definitions, 

1298, 1315, 1482 
maximum undistorted, tests for, 1306, 1318 
of a-f amplifiers, tests for, 74, 105-106, 124, 

1323 

of distortionless valve, 46, 59, 60-61 

of receivers, tests for, 1300, 1316 

power-measuring device, 1299 

Output power and distortion 

pentode, single, 561, 563-565 

push-pull pentodes, 583-584 

push-pull triodes, 577-579 

Class B 2 , 588-590 

triode, single, 548-554 

vs. load resistance, triode, 558 

beam power amplifier, 570 

Output power and plate dissipation, 

Class B 2 , 589 

Output resistance, effect of zero or ne- 
gative, on loudspeakers, 841 
Output resistance of amplifier with feed- 
back, 310-311, 313, 314 
Output stage, definition, 1401 
Output transformers — see under Trans- 
formers, a-f. 
Output voltage and distortion 

r.cc. pentode, 510-511 

r.c.c. triode, 491-493 

transformer coupled a-f amplifiers, 518-519 
Over-coupled i-f transformers, 1031-1034 

Overlap region with dual system loud- 
speakers, 856, 861 
Overloading characteristics 
power amplifiers, 560, 563 
reflex receivers, 1141, 1142, 1146 
Overloading, effect of bass boosting on» 640 
Overmodulation in recording, 729 
Overtones, 92 



Pad, 794, 888 

Padded signal circuits, 1013-1017 

Padder condenser, 1003-1004, 1010-1017 

Padder feedback, 1001, 1247 

Paper dielectric condensers, 194-195 

Paper dielectric condensers, metallized, 195 
Parabola, 274 

Parabola, equation to, 280 

Parallel Class A amplifiers, 570-571 

Parallel combinations of L, C and R, 147-149 
Parallel, condensers in, 135 

Parallel connection of batteries (cells), 129 
Parallel, definition, 1401 

Parallel-feed in transformer-coupled a-f 

amplifiers, 519, 520, 645, 650 

Parallel impedance, conversion from 

series to, 157-158 

Parallel, inductances in, 141 

Parallelogram, 273 

Parallel operation of rectifiers, 1165 

Parallel, reactance and resistance in, 1380-1381 

Parallel, resistances in, 132-133 

graphical method, 132 

Parallel resonance, 150-153, 410-411, 424-425 

determined by maximum impedance, 151-152 

determined by unity power factor, 150 

Parallel resonant frequency, 410 

Parallel-T network, 176, 647, 651, 657, 

675-676, 737-738, 745-749 

Parallel tuned circuit, impedance of, 149-152 

Parameter, 281 

Parameter, definition, 1401 

Paraphase bass-treble tone control, 665 

Paraphase, floating, 524-525, 534 

Paraphase inverter, 524-526 

Parasitic oscillation, 316, 345, 365, 547, 562, 

572, 582, 585, 587-588, 590, 952, 953, 959, 

1283 
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Parry cathamplifier, 586 

Partial differentials, 293-294 

Partial differentials, valve coefficients as, 64-65 
Partial triode operation of pentodes, 570, 587 
Partition noise in converters, 972, 984 

Partition noise in pentodes, 783 

Pass band of filter, 180 

Patchett tone control, 667-668 

Peak acoustical power of orchestra, 623 

Peak cathode current, maximum, 75 

Peak clipping, effect on intelligibility of 

speech, 629 

Peak inverse voltage, maximum, 75 

Peak inverse voltage of rectifiers, curves, 1177 
Eeak limiters, 681, 682-683 

Peak limiters, noise, 694-698 

Peak-reading voltage and current indicators, 119 
Peak response of transformer-coupled a-f 

amplifier at high frequencies, 209, 518 
Peaks at high and low frequencies in feed- 
back amplifiers, 336, 359, 378-379, 383 
Pentagrid converters, 8, 961-1001 

Pentagrids in volume expanders etc., 

685, 688-689 
Pentodes, general, 7-8 

amplification factor, 

plate to screen, 35-36 

screen to control grid, 35 

triode, 35-36 

capacitances, input, 

published values, 56 

with feedback to screen, 345 

cathode follower, use as, 324 

characteristics at low plate currents, 65 

characteristics, cathode current, 16-17 

characteristics, specific tests for, 101-108 

mutual conductance, triode, 34 

operation at low screen voltage, 84 

partition noise, 783 

phase splitter, use as, . 524 

plate detectors, 508, 1084-1085 

plate resistance, triode, 36 

power, general, 8 

ideal, 561 

load resistance, 561 

matching to loudspeaker, . 881-882 

operating conditions, 561-563 

partial triode operation of, 570, 587 

push-pull, Class A, ABi, 583-587 

quiescent push-pull, 592-593 

ratio plate/screen currents, 562 

shurt filter across load, 567, 636 

single Class A, 560-570 

triode operation of, 547 

pre-amplifiers, use in, 783—786 

hum with, 786 

low noise types, 786-787 

noise resistance values, r.c.c. 783-784 

triode operation with screen as 

anode, 785, 787 

remote cut-off, 8, 516, 945 

remote cut-off, in volume expanders, 

684, 688-689 
resistance-capacitance coupled, 496-517 

attenuation and phase shift character- 
istics with incomplete by-passing, 

496-500 

dynamic characteristics, 26-27, 503-506 

equivalent circuit, 512 

gain at mid-frequency, 506-508 

output voltage and distortion, 510-511 

phase shift/frequency characteristics 512 

plate resistance, 507-508, 511-512 

ratio of plate/screen currents, 514, 515 

remote cut-off valves, use of, 516 

screen supply from voltage divider, 506 

tabulated characteristics, comments on, 517 

triode operation with screen as 

anode, 785, 787 

sharp cut-off, 8, 496-517 

sharp cut-off, use as limiters, 1147-1150 

suppressor-grid controlled, in volume 

expanders, 686, 689-690 

triode operation of, 34-36, 785, 787 

connection of suppressor grid, 36 

Penultimate, definition, 1401 



Period, definition, 1402 

Periodic phenomena, 278-279 

Periodicals, titles of, 1367-1369 

Permanent magnet loudspeakers, 831, 840 

Permeability, 230, 231 

Permeability, effective, 242-243, 244 

Permeability, incremental, 230, 243, 248 

Permeability of free space, 1332 

Permeability tuning, 461-162, 912, 913, 953, 

1002, 1289 
Perveance, definition, 14, 71 

Perveance of diode, test for, 117-118 

Perveance of triode, test for, 118 

Phase angle, 139, 140 

Phase angle of load at low frequencies, 213 
Phase angle, tuned circuits, 412, 413, 417, 422, 

425 
Phase compressor, 527, 528 

Phase discriminator, 1088-1095, 1153-1156, 

1292-1293 

alternative arrangement, 1095 

basic circuit, 1089 

design data and example, 1090-1095 

coefficient of coupling, 1090 

discriminator characteristic, 1092 

discriminator sensitivity, 1090 

generalised curves, 1091 

limiter discriminator combination, 1292-1293 

typical circuit arrangement, 1090 

voltage relationships, 1089 

Phase distortion, amplifier without, 389 

Phase inverter, normal, 524 

cathode-coupled, 347-348, 532 

choke-coupled, 355 

cross-coupled, 527, 663-664 

phase inversion in power stage, 585-586 
Schmitt, 526, 670 



Phase modulation, 



405-406 



Phase shift 

and attenuation, relation between, 359-364 
anode to grid voltage, 50 

at high and low frequencies, 316, 353, 355 
coupled tuned circuits, curves for, 422 

of attenuation characteristic, deter- 
mination of, 362-365 
of loudspeakers, 838, 870 
of r.c.c. pentode, 512 
incomplete cathode and screen by- 
passing, 498-500 
incomplete screen by-passing, 498-499 
of r.cc. triode, 494-495 
incomplete cathode by-passing, 485-486 
of transformer-coupled a-f amplifiers, 

206, 207, 214, 518 
with feedback, 342, 343, 352, 389 

Phase splitter, 329-330, 522-524 

with positive feedback, 354, 523 

Phasing of loudspeakers, 86G 

detector, 1293 

Philips-Miller engraved film system, 701 
Phon, 826 

Phonograph, definition, 1402 

Phot (centimetre-candle), 1334 

Photo emission, 2 

Photometric units, 1334 

Physical and chemical constants, 1376 

Physical properties of valves, funda- 
mental, 69-70 
Physical units, general, 1329-1334 
Pickering cartridges, 718 
Pickering turnover pickup, 718 
Pickups, general, 714-723 
arm resonance, 712, 714, 716, 719, 720, 722 
armature of, 702 
armature resonance, 712, 714, 716, 719, 720, 

722 
armature resonance, effect on har- 
monics, 716 
capacitance, 722 
damping of arm resonance in, 716 
damping of armature resonance in, 716 
distortion in, 718, 719, 723, 762 
dynamic mass, 718, 719, 721, 722 
dynamic (moving coil), 715, 719-720 



1456 



INDEX 



Pickups (continued) 

eddy current, 723 

effective vertical pressure of, 702, 708, 709, 
712, 718-722, 768-769 
electromagnetic, 715, 717-719 

effect of shunt capacitance, 738-739 

frequency of armature resonance af- 
fected by record material, 716 
hum level, 719, 722 
ideal constant velocity, frequency 

characteristic of, 724 

lacquer discs, for use on, 768 

magnetostriction, 721 

needle armature, 717 

offset angle, optimum, 726 

offset-arm, 725-726 

piezo-electric (crystal), 715, 716, 717, 

720-721, 752 
piezo-electric, response curves, 742 

pressure, effective vertical, 702 

ribbon, 716, 722 

straight-arm, 725-726 

strain sensitive, 721-722 

testing of, 715, 716-717, 762 

tracking capability, checking, 762 

underhang, optimum, 725-726 

Picofarad, 1363 

Pie-wound r-f chokes, 474 

Piezo-electric loudspeakers, 832 

Pin straightener, valve, 80 

Pinch effect, 711, 712, 720, 757, 760 

Piston cones in infinite baffle, ideal, 835 

Pitch, definition, 1402 

Pitch, international standard, 874 

placement, loudspeaker, 865-867 

Plane figures, 272 

Plastics, composition of, 1375 

Plate and screen currents, average, push- 
pull pentodes, 584 
Plate characteristics, general, 15-17 
Plate circuit decoupling in a-f amplifiers, 

535-537 
Plate circuit decoupling without de- 
coupling condensers, 537 
Plate circuit efficiency, maximum with 

loudspeaker load, 880-881 

Plate conductance, definition, 14 

Plate conductance testing, 124 

Plate current, 2, 6 

Plate current, average, push-pull triodes, 

Class A, ABj, 579-580 

Plate current commencement, test for, 74 
Plate current in power amplifiers, creeping 596 
Plate current near cut-off, effect of rate of 
change in, in Class ABi, ampli- 
fiers, 572-573 
Plate current of Class A triode, calculated 

optimum, 557 

Plate current, peak hot-switching tran- 
sient, 1163, 1180-1181 
Plate current test, triodes and multi- 
grid, 103, 109, 113 
Plate current test, zero signal diode, 101 
Plate currents, low, valve characteristics at, 65 
Plate decoupling circuit gives bass boost- 
ing, 643-644 
Plate detector (anode bend), 57, 62, 508, 

1084-1085 
Plate dissipation 
theory, general, 63-64 

triode, Class A, 559 

triode, Class B2, relation between power 

output and plate dissipation, 589 

triode, push pull, at max. signal, 578 

triode, resistance loaded, 26 

Plate efficiency, Class A pentode, 562 

Plate efficiency, Class A triode, 559 

Plate efficiency, Class B2, 589 

Plate efficiency in power amplifiers, de- 
finition, 545 
Plate reflex superhet. receivers, design 

of, 1143-1145 

Plate resistance, d.c, 14 

Plate resistance (variational) 13, 14, 72 

control in volume expanders, 685, 692-693 

definition 14, 72 



Plate resistance (variational) (continued) 
effective, feedback circuit to give 

positive, zero or negative values, 314 

effective, of cathode follower, 318 

effective, with feedback, 311, 313, 314, 

315, 316 

graphical determination of, 15, 18 

of cathode degenerative amplifier, 328-329 

of power amplifiers, optimum, 546, 880-881 

of r.c.c. pentodes, 507-508, 511-512 

of r.c.c. triodes, 493 

tests for, 74, 104-105, 111, 113 

triode plate resistance of pentode, 36 

Plate series compensation, 536, 643-644 

Plate shunt compensation, 640-643, 660-661, 

733-734 
Plate supply by-passing in a-f amplifiers, 535 
Plate supply impedance per plate, trans- 
former, 99 
plate supply voltage of r.c.c. amplifier, 482, 496 
Plate-to-screen amplification factor, 35-36 
Plate voltage, effect of change of, on 

characteristics, 42-43 

Plates, 5 

Playback characteristics, 728, 731-732 

Playback curve, AES standard, 731-732 

Playback, direct 701, 766-768 

Playback loss, 760 

Playthrough in A-M receivers, 1081, 1082, 1237 
circuit to reduce, 1235, 1237, 1240 

Playthrough in reflex receivers, 1140-1143, 

1145-1146 
Poisoning of emission, 2 

Polar coordinates, 283 

Polarity, definition, 1402 

Polarity, indications of, 130 

Polish of jewel stylus tip, 712 

Polydirectional microphones, 780 

Polyethylene discs, 705 

Polygon, 273 

Positive feedback — see under Feedback. 
Positive grid . current — see under Grid 

current, positive. 
Positive ions, 3, 71 

Potential, definition, 1402 

Potential difference, definition, 1402 

Potential difference, magnetic, 231-232 

Potential dividers, 161-164 

Potentiometers, 161-164, 1356 

Pound weight, measure of force, 1330, 1332 
Poundal, measure of force, 1330 

Power, absolute, expressed in decibels, 807-808 
Power amplifier valves 

beam power valves, 8, 569 

pentodes, 8 

triodes, 7 

Power available at receiver from aerial, 893 
Power, average (effective), 134 

Power factor, 144 

Power factor of condenser, 140 

Power factor of electrolytic condenser, 193 
Power factor of tuned circuit, relationship 

with Q, 144, 409 

Power factor, unity, determining parallel 

resonance, 150, 410 

Power-flux per unit area at receiver 896-897 
Power gain, expressed in decibels, 810 

Power gain of aerials, 894 

Power grid detector, 1084 

Power in d.c. circuits, 133 

Power in reactive circuit, 140, 143-144 

Power in resistive a.c. circuits, 133-134 

Power level indicators, 825 

Power line operation, valve ratings for, 78, 79 
Power output — see under Output powc. 
Power output meters, 825 

Power pack, definition, 1402 

Power, peak acoustical, of orchestra, 623 
Power rating of loudspeakers on standard 

distribution lines, 874 

Power reactive, 144 

Powei required, loudspeakers, indoors, 863-864 
Power required, loudspeakers, outdoors, 

861-863, 866, 867 
Power supply, effect of impedance in, 

on a-f amplifiers, 535, 537 574 
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Power supply regulation, effect on power 

amplifiers, 547-548, 551, 562, 568-569, 
572, 582, 584 
Power transfer between two dipole 

aerials, 892-893 

Power transfer theorem, maximum, 165 

Power, units of, 1332 

Power, wattless, 144 

Powers in algebra, 260-261 

Powers of numbers, 255, 257 

Practical systems of units, 1331, 1332 

Pragilbert, 1332, 1333 

Pragilbert per weber, 1332, 1333 

Praoersted, 1332, 1333 

Pre-amplifiers, 782-793, 804-805 

gain-controlled, 693 

hum in, 784-786 

introduction, 782 

microphone, 788-793 

cathode follower as low noise . input 

stage, 789-790 

crystal microphones, for use with, 788-790 
general, 788 

grid resistor, limitations on, 788 

see also under Grid circuit resist- 
ance, maximum, 
incorporating mixing, 799-801 

load resistance for crystal micro- 
phones, optimum, 788 
low impedance microphones, for use 

with, 7^0-793 

signal to noise ratio, maximum 

possible, 788 

signal to noise ratio with crystal 
microphones, 788 

microphony in, 786 

see also under Microphony. 

noise in, 782-784 

pickup, 732, 733-736, 737-741, 744-749 

power gain ratings of, 809 

references, 804-805 

standard, for broadcasting, 793 

input signal, 793 

output level, 793 

signal to noise ratio, 793 

source and load impedances, 793 

standard, for sound equipment, 793 

amplifier gain, definition, 793 

source impedance, 793 

valves for use in, 786-788 

selection and treatment of, 787 

special low noise types, 786-788 

type 6AU6, operation with screen as 

anode, 785, 787 

types 6AU6, 12AY7, 1620, 5879, 786-788 

Pre-emphasis and de-emphasis, high fre- 
quency, effect of, 763 
Pre-emphasis characteristic in F-M re- 
ceivers, 1315 
Pre-emphasis, high frequency, in record- 
ing characteristics, 717, 727, 728-729 
in terms of time constant, 728 
Pre-emphasis with volume compression, 

effect of, 683 

Preferred listening levels, 623 

Pre-heating before testing valves, 91, 101, 125 
Pressure, effective vertical, on records, 

702, 708, 709, 712, 718-722, 768, 769 
Pressure efficiency, loudspeaker, 812, 862, 874 
Pressure-frequency response, loudspeaker, ,875 
Pressure gradient microphones, 775 

Pressure, intensity of, units of, 1330 

Pressure level, loudspeaker, 875 

Pressure microphones, 775 

Pressure rating, loudspeaker, 812, 862, 874 
Pressure, reference acoustical, 826, 828 

Pressure ribbon microphones, 775, 779 

Pre-tuned r-f stages, 924-925 

Price balanced clipper noise suppressor, 765 
Primary windings, short-wave, aerial, 474 

Printed circuits, 1283-1285 

Prism, rectangular, 275 

Processing of records, 705 

Progression, arithmetical, 266-267 

Progression, geometrical, 266-267 



Progression, harmonic, 266-267 

Progressions and Series, 266-267 

Proofing, tropic, of coils, 476-478 

Properties of materials, 1372-1376 

conducting materials, 1374 

insulating materials, 1372-1373 

plastics, composition of, 1375 

references, 1376 

resistance of a conductor at any tem- 
perature, 1376 
weights of common materials, 1375 
Properties of valves, fundamental phy- 
sical, 69-70 
Proportion, 262 
Protons, 2 
Pseudo-stereophonic effect, 866 
Public address audio a.v.c, 693 
Public address, open air, 867 
Public address, use of horn loudspeakers 

in open air, 867 

Pulling (pull-in) in converters, 971, 990 

Pulse generators for valve characteristics, 119 
Pulse methods, valve characteristics by, 118-119 
Pulse modulation, 406 

Pulse waveform, 130 

Pulses, distortion by a-f amplifiers, 540-541 
Pumping in peak and volume limiters, 682 
Push-pull 

equivalent circuit of, 576-577 

fundamental principles of, 571-573 

methods of exciting, 521-527 

pentodes, Class A, ABi, 583-587 

theory of, based on infinite series, 572-577 

triodes, Class A, ABi, 571, 582 

voltage amplifiers, 527-528 

impedance-coupled, mathematical 

treatment, 528 

Pyramid, 275 

Pyramid windings of coils, 475 



Q factor, definition, 1402 

Q factor of condenser, 140 

Q factor of tuned circuit, 145, 409-426 

Q factor, relationship with Dower factor, 

144, 409 
Q of loudspeaker at bass resonance, 841 

Q of oscillator circuit, 957 

Q of short-wave coils, design for opti- 
mum, 463-472 
Quadrant (of circle), 276, 1330 
Quadrature electronic reactances, 1157-1160 
Quadrilateral, 273 
Quality control of valves, 85 
Quality factor of coil, 409 

see also Q factor of tuned circuit. 
Quality switch (tone control), 659 

Quarter- wave aerial, 909-910 

Quenching oscillator in superregenerative 

detectors, 1087, 1224 

Quiescent, definition, 1402 

Quiescent push-pull pentodes, 592-593 

Quieting-signal sensitivity, tests for 1317 

R 

R.C.A. light-weight pickup, 719 

R-J loudspeaker, 850 

Radial lead, definition, 1402 

Radian, 1330 

Radians, 272 

Radiated electromagnetic energy, 404 

Radiation efficiency of aerial, 903 
Radiation from local oscillator in F-M 

receiver, tests for, 1311, 1320 
Radiation from superregenerative de- 
tector, 1087 
Radiation resistance of aerial, 902, 905, 906 
Radiation resistance of piston, 835 
Radio-frequency amplifiers — see under 

Amplifiers, radio-frequency. 
Radio-frequency chokes, design of, 474—475 

Radio-frequency chokes, self resonant, 475 

Radio-frequency, definition, 1402 

Radio telegraphy, 405 
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Radio telephony, modulation systems, 405 
Radius compensation, 711, 770 

Radius of curvature, minimum, in re- 
cord, 703-704 
Random noise (fluctuations), 704, 782, 935-942 
Rate of change of function with its in- 
dependent variable, 289-291 
Rate of change of plate current near 
cut-off, effect of, in Class ABi am- 
plifiers, 572-573 
Rating impedance, loudspeaker, 812, 874 
Rating impedance of microphone, stan- 
dard for, 781 
Rating, loudspeaker pressure, 812, 862, 874 
Rating systems — see under Valve ratings. 
Ratings, microphone, 776-777 
Ratings, voltage, of composition re- 
sistors, 187 
Ratio detectors, 1088, 1095-1105 
a.f.c. voltage from, 1098 
a.v.c, use of, 1099 
a.v.c. voltages from, 1097 
balanced circuit, 1098 
circuit, types of, 1098-1099 
circuits, practical, 1101 
design considerations, 1099-1101 
diodes for use with, 1099 
input/output curves, 1098, 1099 
measurements on, 1102-1105 
operation of, 1097 
receivers incorporating some features 

of, 1022, 1024 

references, 1138 

typical output curve, 1096 

unbalanced circuit, 1098-1099 

Rationalized systems of units, 1331, 1332 

Reactance, capacitive, 138 

Reactance chart (reference only), 1387 

Reactance, grid input, 49-53 

Reactance, inductive, 142 

Reactances, capacitive — table, 1378-1379 

Reactances, electronic, 1151, 1156-1160 

Reactances, inductive — table, 1377 

Reactances, signs of, 50 

Reactive component of impedance of 

aerial, 903 

Reactive loads, 30-34 

Reactive power, 144 

Real axis, . 285 

Real part of complex quantity, 140, 285 

Receivers, a.c./d.c. 

barretters for, 1213-1214, 1266 

design of, 1264-1268 

dial lamps, 1266-1267 

earth connection, 1268 

modulation hum in, 1240 

rectifier, 1267 

rectifiers for, 1165 

series resistor to limit current, 1165 
series resistor operation, 1264-1266 

valve order, 1198, 1267-1268 

Receivers, A-M superheterodyne, design 

of (Chapter 35), 1228-1286 

a.c./d.c. receivers, 1264-1268 

see also under Receivers a.c./d.c. 
a.c. operated receivers, 1256-1264 

4-valve receivers, 1256-1259 

superhet. with a-f amplifier, 1256 

superhet. with i-f amplifier, 1257-1258 
superhet. with reflexing, 1258-1259 

t-r-f receivers, 1256 

5-valve receivers, 1259 

larger receivers, 1260 

receivers, communication, 1260-1264 

see also under Receivers, com- 
munication, 
battery receivers, 1268-1274 

see also under Receivers, battery, 
car radio, 1275-1278 

see also under Receivers, car. 

contact potential biasing, 1280-1281 

freauencv ranges, 1250-1256 

band-spread receivers, 1253-1256 

circuit to give linear scale, 1255-1256 

dual wave receivers, 1251-1252 

checking resonance in unused coils, 1252 



Receivers, A-M superhet. (continued) 

drive ratios, 1252 

flywheel tuning, 1252 

medium frequency receivers, 1250-1251 
multi-band receivers, 1252-1253 

fuses, 1281-1282, 1395 

general design, 1229-1250 

a-f response, 1234-1239 

a.v.c. and noise, 1229-1234 

see also under Automatic volume 
control, 
cabinet design, 1248-1249 

converters, frequency, operation 

of, 1244-1248 

see also under Frequency converters, 
feedback in, 1235-1239, 1241 

compensated negative feedback and 

feedback tone control, 1235, 1237 

negative current feedback, 1236 

see also under Feedback, 
field testing, 1250 

frequency-compensated tone con- 
trol, 1234-1239 
hum in, 1239-1241 

see also under Hum. 
instability in, 1243-1244 

microphony in, 1241-1243 

see also under Microphonv. 
oscillator, local, " 1244-1248 

see also under Oscillators. 

ratings, checking, 1249-1250 

ventilation, 1249 

interference, reduction of, 1279-1280 

introduction, 1228 

parasitic oscillations, 1283 

see also under Parasitic oscillation, 
printed circuits, 1283-1285 

references, 1285-1286 

specifications and requirements, 1229 
spurious responses, 1278-1279 

see also under Spurious responses, 
tests and measurements — see below 
tropic proofing, 476-^178, 1282-1283 

commercial tropic proofing, 1282-1283 
vibrator-powered receivers, 1270-1272 

dry batteries, characteristics of, 1272-1274 
Receivers, A-M, tests and measurements, 

1297-1314 
acoustical tests, 1314 

antenna sensitivity-test input, defini- 
tion, 1297-1298 
automatic volume control characteristic, 1307 
bandwidth, definition, 1298 
battery receiver tests, dry, 1301, 1313 
battery end-of-life tests, 1313 
lowest filament voltages used for 
testing battery valves, 1313 
definitions, 1297, 1298 
distortion, 1314 
distortion, harmonic, 1306 
equipment required, 1298-1300 
audio-frequency attenuator, 1299 
audio-frequency generator, 1299 
distortion factor meter, 1300 
equipment for acoustical tests, 1300 
meters, 1300 
output power-measuring device, 1299 
standard dummy antenna, 1299 
standard signal generator, 1298-1299 
wave analyser, 1299 
frequency response, 1305 
frequency shift, 1310 
harmonic generation, r-f, 1305 
hum, 1309-1310 
acoustical measurement, 1310 
hum distortion, 1309 
hum modulation, 1309 
image ratio, 1310 
image sensitivity test input, 1310 
interference tests, 1313-1314 
intermediate-frequency-response ratio, 1310 

tivity, 1310 

intermodulation, r-f, 1305 

maximum undistorted output, 1306 

maximum undistorted output, definition, 1298 
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Receivers, A-M, tests and measurements 
(continued) 
measurements only requiring simple 

instruments, 1301-1302 

dissipation measurements, 1302 

measurements on many valves, 1302 

power transformers, temperature rise, 1302 
voltage and current measurements, 

1301-1302 

microphony, 1311, 1312 

noise, 1307-1309 

effects on sensitivity measurements, 1302 

ensi, 1307 

noise factor, 1307-1309 

noise audibility (listening test), 1310-1311 

normal test output, definition, 1298 

operating conditions, 1300-1301 

operating voltages, 1300-1301 

output measurements, 1300 

phonograph combinations, 1311-1312 

fidelity, electric, 1311-1312 

output, maximum, 1312 

rumble, 1312 

wow or flutter, 1312 

radiation from local oscillator, 1311 

references, 1327 

signal to noise ratio, tests for input to 

give specified, 1302, 1303 

spurious responses, 1310 

image response, 1310 

spurious response ratio, 1310 

standard antenna, definition, 1298 

standard dummy antenna, 1299 

standard dummy load, 1299 

standard input voltage, definition, 1297 

tests, performance, 1302-1314 

blocking interference, 1304 

cross-talk, 1304 

gain of individual stages, 1303 

regenerative effects, 1303 

selectivity, 1303-1305 

sensitivity, 1302-1303 

two-signal, 1304-1305 

whistle interference, 1304-1305 

tuning tests, 1312 

Receivers, A-M, types of (Chapter 34) 

1223-1227 
crystal, 1223 

references, 1227 

regenerative, 1223 

see also under individual stages (R-F 

amplifiers, etc.). 
superheterodyne, 1225-1226 

communication — see under Receivers, 

communication. 

double frequency changer, 1253 

reflex, 1140-1146 

superregenerative, 1087, 1224 

synchrodyne, 1226-1227 

tuned radio frequency, 912-915, 1224, 1256 

reflex, 1146 

use of reflex detector in high fidelity, 1086 

volume control circuit, 1257 

tuning methods, 913 

Receivers, battery 

a-f response, 1236 

converter problems, 1246-1248 

design of, 1268-1274 

end-of-battery-life tests, 1313 

feedback, negative current, 1236 

instability in, 1243-1244 

loudspeaker, combination horn and 

phase inverter, for personal portables, 859 
operation with reduced battery voltages, 1247 
portable, 1021, 1115 

series filament operation, 1115, 1250 

tests, 1301, 1313 

Receivers, car (automobile) 

battery voltage variations, 1206, 1277 

chassis pickup of vehicular receivers, 

1313-1314 

design of, 1275-1278 

elimination of hash, 1210-1211,1270-1272, 

1275-1276 

interference tests, 1313-1314 



Receivers, car (continued) 
valve operating conditions, 
vibrator power supply for, 

Receivers, communication 
aerial input, 
A-M, design of, 
a.v.c. circuit design in, 
band changing, 
bass attenuation in, 



1277-1278 
1202-1212 

912-921, 1263 

1260-1264 

1108, 1116 

1261 

649 



beat frequency oscillator, 954, 960-961, 1263 
cross-modulation, 1264 

diversity reception, 1263-1264 

frequency coverage and calibration, 

1260-1261 
mobile F-M, limiters for, 1149-1150 

muting (q.a.v.c.) for, 1125 

noise limiting in, 1130, 1131 

selectivity, 1262 

sensitivity and noise, methods of 

measuring, 1262 

signal strength meter (S meter), 1263 

stability, frequency, 1262 

variable bandwidth crystal filters for, 

1051-1061, 1262 
volume control and a.v.c, 1262-1263 

Receivers, F-M 

aerial and r-f design, 1287-1289, 1294 

a.v.c, use in, 1097, 1099, 1112, 1288, 

1291-1296 
composite F-M/A-M i-f trans- 
formers, 1024-1025, 1294-1295 
converter circuit, 1290 
de-emphasis curve, 75 microseconds, 638 
de-emphasis time constant, 1092, 1093, 1293 
design of (Chapter 36), 1287-1296 
comparison with A-M, 1287 
detectors in, 1088-1105, 1295 
F-M/A-M receivers, design of, 1294-1296 
aerial input circuit, 1294 
general considerations, 1295-1296 
i-f amplifier, 1294-1295 
r-f section, 1294 
F-M detection and A-M rejection, 

1088-1105, 1292-1293 
i-f amplifiers in, 1022, 1024-1025, 1290-1292, 
1294-1295 
tracing regeneration in, 1290-1291 

i-f transformers in, 1024-1025, 1037-1041 
limiters, amplitude, 1147-1150 

applications of, 1023, 1040, 1088, 1090, 
1095, 1098, 1099 
muting in, 1128-1130 

oscillator design, 947-961, 1289-1290 

phase discriminator in, 1088-1095 

references, 1296 

r-f amplifiers in, 915-946, 1287-1289 

superregenerative detectors in, 1087 

tests and measurements — see below. 
tuning indicators for, 1135-1136 

Receivers, F-M, tests and measure- 
ments, 1314-1320 
a.v.c. characteristic, 1307, 1318 
definitions, 1314-1315 
distortion, harmonic, 1306, 1318 
maximum-deviation distortion, 1318 
downward modulation, 1320 
frequency drift, 1310, 1319 
hum, 1309-1310, 1319 
low frequency instability, 1319-1320 
maximum undistorted output, 1306, 1318 
rnistuning, 1320 
noise audibility, 1310-1311, 1319 
operating conditions, ' 1300-1301, 1316 
input measurements, 1316 
output measurements, 1300, 1316 
radiation from local oscillator, 1311, 1320 
receiver adjustments, 1316-1317 
references, 1327 
spurious radiation, open field method 

of measurement of, 1320 

spurious responses, 1310, 1319 

standard de-emphasis characteristic, 1315 
standard input values (powers, volt- 
ages), 1314 
standard mean-signal input, 1314 
standard pre-emphasis characteristic, 1315 
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Receivers, F-M, tests and measurements 
(continued) 
standard test frequencies, 1314 

standard test modulation, 1314 

standard test output, 1298, 1315 

standard v-h-f dummy antennae, 1315, 1316 
standard 300-ohm antenna, 1315 

testing apparatus, 1315-1316 

standard signal generator, F-M, 1315-1316 
standard signal generator for ampli- 
tude-suppression testing, 1316 
two-signal tests, 1316 
tests, 1317-1320 
amplitude-modulation suppression, 1318 
frequency response, 1305, 1318 
interference, co-channel, 1317-1318 
beat-note component, 1317 
cross-talk component, 1317 
interference, masking, 1318 
selectivity, 1318 
sensitivity, 1317 
deviation sensitivity, 1317 
maximum-deviation sensitivity, 1317 
maximum sensitivity, 1317 
quieting-signal sensitivity, 1317 
tuning characteristic test, 1319 
undistorted output, maximum, 1298, 1315 
Receivers-, radio, pickups for connection 

to, 751, 752 

Receivers, reflex (Chapter 28), 1140-1146 

advantages and disadvantages of, 1140-1141 
a.v.c. design, 1142 

bass boosting in, 1141, 1146 

bubbling in, 1141, 1142 

comparison between plate and screen 

renexing, 1 146 

description of reflex amplifiers, 1140 

design of plate reflex superhet. re- 
ceivers, 1143-1145 
design of screen reflex superhet. re- 
ceivers, 1145-1146 
design of t.r.f. reflex receivers, 1146 
distortion in, 1140, 1141, 1145, 1146 
four valve receivers, design of, 1258-1259 
hum neutralization, inherent, 1145 
minimum volume effect, 1141, 1142 
modulation, reduction in percentage, 1143 
negative feedback in, 1141, 1143, 1145 
neutralization in reflex stage, 1145 
operating conditions of reflex stage, 1 143 
overloading characteristics, 1141, 1142, 1146 
play-through, 1140-1143, 1145-1146, 1240 
circuit for reducing, 1240 
references, 1 146 
regeneration in, 1143 
sensitivity, receiver, 1144, 1146 
signal to noise ratio, 1146 
some characteristics of reflex re- 
ceivers, 1142-1143 
Receivers, telephone (headphones), 832-833 
Reciprocal, definition, 1402 
Reciprocity theorem, 165 
Recording characteristics, 727-732, 766, 770 
Records, reproduction from (Chapter 

17), 701-774 

acoustical radiation (needle talk), 714, 718, 
719, 760, 762 
American recording standards, 702 

amplitude, critical, 704, 708 

amplitude, peak, 702-703, 709 

automatic record changers, 705-706, 727 
bibliography of disc recording, 702 

buzz : 715, 722, 759 

complete amplifiers for reproduction of 

sound from records, 744-751 

compliance at stylus tip, lateral, 712, 717-722 

compliance at stylus tip, vertical, 712, 718-722 

constant amplitude recording, 703-704, 727 

constant velocity recording, 703-704, 727 

discs, characteristics of, 706-709 

discs, materials for, _ 706, 766, 769 

distortion and undesirable etlects, 757-762 

due to stylus wear, 761 

non-linear, in pickups, 718, 719, 723, 762 

non-linear, in recordings, 756, 762, 766, 

769 



Records, reproduction from (continued) 

playback distortion, 708, 757-760 

tracing distortion, 708, 757-760 

effect of recording characteristics 

on tracing distortion, 759-760 

harmonic, 757-758 

intermodulation, 758-759 

other distortion effects, 760 

ratio of intermodulation to har- 
monic, 758-759 

dust on vinyl records, 706, 713 

equalizers for record reproduction, 732-744 

applying negative feedback to pickup, 743 

equalizer, position of, 732, 743 

equalizers and equalizing amplifiers, 

738-743 
for crystal pickups, 741-743 

for electromagnetic pickups, 738-741 
equalizers, high frequency (de- 
emphasis), 736-737, 739-740, 744-751, 

770 
equalizers, low frequency, 732-736 

equalizing, corrective, 728 

equalizing, definition, 727, 728 

equalizing to give standard playback 

curve, 731-732 

high-frequency attenuation (scratch 

filter), 214, 737-738, 746-751 

input transformers, 743-744 

rumble filter, 744-749 

fine groove (microgroove) recording, 

701, 706-709 
flutter, 761 

flutter, tests for, 1312 

frequency characteristic of ideal con- 
stant velocity pickup, 724 
frequency range, desirable top limit to, 704 
frequency range, filters to limit high, 

214, 636, 655-658, 737-738, 746-751, 763 
frequency range of recording, 704 

frequency test records, 702-703, 716, 

752-757 
banded tone, 752, 753-756 

gliding tone, 752, 753 

optical method of testing, 752-753 

special test records, 756-757 

glossary of disc recording terms, 702 

groove diameter for reasonable fidelity, 

minimum, 759 

hinge frequency, 759 

hum in record reproduction, 705, 706, 719, 

722, 763 
introduction to disc recording, 701-706 
lacquer disc home recording (direct 

playback), 701, 766-768 

amplifier, 767-768 

cutter head, 767 

cutting stylus, 767 

distortion, 766 

embossed groove recording, 768 

equalization of cutter, 767 

hot stylus recording technique, 767 

materials for discs, 766 

motor and turntable, 767 

pickups for lacquer discs, 768 

recording characteristics, 766 

signal to noise ratio, 766, 770 

standards for disc home recording, 766 

lateral recording, ' 701-774 

lateral recording, principles of, 702-706 

McProud test of pickup and arm, 715 

magnetic recording, 701 

mechanical groove recording, 701 

methods used in sound recording, 701-702 

needle scratch, 704-705, 763-765 

needle talk (chatter), 714, 718, 719, 760, 762 

needles, fibre, 710 

needles, semi-permanent, 709 

needles, steel, 709, 711 

needles, thorn, 710 

needles, trailing, 711, 726 

see also Styli. 
noise reduction, 763-765 

analysis of noise, 763 

high frequency pre-emphasis and de- 
emphasis, effect of, 763 
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Records, reproduction from (continued) 

Olson noise suppressor, 763 

Price balanced clipper noise suppressor, 765 

Scott dynamic noise suppressor, 764 

volume expansion, effect on noise, 763 

pickup arm resonance, 712, 714, 716, 719, 

720, 722 

pickup, armature of, 702 

pickup armature resonance, 712, 714, 716, 

719, 720, 722 

pickup distortion, 718, 719, 723, 762 

pickup dynamic mass, 718, 719, 721, 722 

pickup, electromagnetic, effect of shunt 

capacitance, 738-739 

pickup, hum level, 719, 722 

pickup needle armature type, 717 

pickup output expressed in db, 810 

pickups, 714-723 

pickups, armature resonance, effect on 

harmonics, 716 

pickups, capacitance, 722 

pickups, damping of arm resonance in, 716 
pickups, damping of armature resonance 

in, 716 

pickups, dynamic (moving coil), 715, 719-720 

Fairchild transcription, 720 

Lexington moving coil, 720 

pickups, eddy current, 723 

pickups, electro-magnetic (moving 

iron), 715, 717-719 

Audak polyphase, 719 

Connoisseur, 718 

Decca ffrr type D, 717-718 

E.M.I, and Marconiphone Model 

12A, 719 

G.E. variable reluctance, 719 

lioldring Headmaster, 718 

Pickering home phonograph cart- 
ridge, 718 
Pickering transcription" Model 1 6 1 L, 718 
R.C.A. light-weight, 719 
W.R.N, standard transcription, 718 
pickups for connection to radio re- 
ceivers, 751-752 
pickups for fine groove, 715, 717-723 
pickups for 78 r.p.m. 715, 717-723 
pickups, frequency of armature reson- 
ance affected by record material, 716 
pickups, magnetostriction, 721 
pickups, piezo-electric (crystal), 715, 716, 
717, 720-721 
ceramic (barium titanate) 720-721 
other materials, 720 
response curves of typical crystal 

pickup, 742 

Rochelle salt, 720-721 

use of, in record players, 752 

pickups, ribbon, 716, 722 

Brierley pickup, 722 

pickups, strain gauge, 721-722 

pickups, testing of, 715, 716-717, 762 

pickups, types of, 715 

pinch effect, 711, 712, 720, 757, 760 

playback loss, 760 

pre-amplifiers for use with pickups, 

732, 733-736, 737-741, 744-749 
pre-emphasis, high frequency, difficul- 
ties with large degree of, 729 
pressure, effective vertical, 702, 708, 709, 
712, 718-722, 768-769 
processing of records, 705 
radius compensation, 711, 770 
radius of curvature, rninimum, 704 
record players, 751-752 
references, 771-774 
recorded level, 702-703 
recorded level, maximum instantaneous 

programme peak, 702-703, 708, 709 

recorded level, normal maximum, 703 

recording characteristics, 727-732, 766, 770 

constant amplitude, 727 

constant velocity, 727 

cross-over frequency, 728 

high-frequency pre-emphasis, 727, 

728-729 



Records, reproduction from (continued) 

ideal theoretical, 727 

measurement of recorded velocities, 729 
playback curve, A.E.S. standard, 731-732 
practical recording characteristics, 730-731 
pre-emphasis in terms of time con- 
stant, 728 
rumble, 705, 706, 744, 1312 
scratch niters, 214, 636, 655-658, 737-738, 
746-751, 763 
shellac pressings, 701, 704-708 
side-thrust on grooves, 723, 726-727 
signal to noise ratio, maximum, 704-705, 
. , 766, 770 
single point contact, 710 
skating, groove, 710, 713 
sound on film, 701 
specification for motor and turntable 

unit, 705 

speed of rotation for recording, 701 

speed of rotation, tolerance in, 701 

stroboscope, use of, 702 

styli, 702, 704, 706, 708, 709-714 

styli, colour codes for, 711 

styli, diamond, 710, 711, 714, 717, 718, 

719, 720 
styli, osmium, 7H 3 714 

styli, oval, 710 

styli, permanent, 710-714 

styli, sapphire, 710-714, 717, 718, 719, 720, 

722 
styli, tungsten carbide, 710, 711, 717, 722 

see also Needles, 
stylus force, vertical, 702, 708, 709, 712, 
718-722, 768, 769 

'tracking, ' ' 712, 715, 719, 720 

stylus, N.A.B. secondary standard, 711 

stylus tip, jewel, polish of, 712 

stylus tip, shape of, 710 

stylus wear, method for giving positive 

indication of, 714 

surface noise and dynamic range, 

704-705, 763-765 
testing distortion in sound recording, 

proposed standards, 762 

testing phonograph combinations, 1311-1312 
testing pickups for harmonic distortion, 762 
testing pickups for intermodulation dis- 
tortion, 762 
tracking, 723-727 
distortion due to imperfect tracking, 

723-726 
general survey, 723-725 

minimum distortion, how to design 

for, 725-726 

other effects of imperfect tracking, 723-725 
pickup, offset arm, 725-726 

pickup, optimum offset angle, 726 

pickup, optimum underhang, 725-726 
pickup, straight arm, 725-726 

stylus friction, influence of, 726-727 

tracking capability of pickup, checking, 762 
tracking efficiency of pickup and arm, 

test for, 715 

tracking error, 712, 723-727 

transcription records, reproduction 

from, 701, 731, 769-771 

distortion, 769 

equalization, high frequency de-em- 
phasis (N.A.B.), 770 
materials for records, 769 
N.A.B. and B.B.C. characteristics, 769 
radius compensation, 711, 770 
recording characteristics, 730, 770 
signal to noise ratio, 770 
sound track, 770 
translation loss, 759, 770 
wear, record, 769 
translation loss, 759, 770 
turntable, effect of wobbling or eccen- 
tric, 761 
turntables and driving mechanism, 705 
types of discs, 701, 766, 769 
ultrasonic frequencies, 704 
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Records, reproduction from (continued) 

velocity, critical, 704, 708 

velocity of stylus tip, transverse, 702-703 
vertical recording, 701 

warping, effect of record, 760-761 

wavelength vs. frequency, 708 

wear, records, 706, 712-713, 723, 769 

wear, stylus, sapphire, 713-714 

wow, 626, 705, 760, 1312 

Recovery time of peak limiters, 682-683 

Rectangle, 273 

Rectification (Chapter 30), 1161-1191 

biphase half- wave, 7, 1161 

conduction period, 1164 

copper oxide rectifiers, 1169 

curves, constant current, 1165, 1167-1169 
curves, constant voltage, 1165-1169 

curves, published, use of, 1165-1169 

definition, 1402 

effects in power amplifiers, 551-552, 553-554, 

561, 565, 566, 568-569 
equivalent circuit, 1164 

filterine — see under Filtering and hum. 
full-wave, 7, 1161-1169, 1173-1185 

half-wave, 6, 1161, 1163, 1172, 1175, 

1176, 1178 
impedance per plate, total effective plate 

supply, . H65-1167, 1180 

parallel operation of rectifiers, 1165 

power supply regulation, 1164, 1182 

principles of, 1161-1164 

references, 1191 

ripple, ^ H61, 1173 

ripple current through filter con- 
densers, 1181—1182 
ripple factor (percentage), 1176, 1177 
selenium rectifiers, 1169 
series resistors to limit current, 1165, 1173 
shunt diode bias supplies, 1188-1191 
symmetry, lack of, 1161 
test, power diodes, 74, 99-100 
test, signal diodes, 74, 100 
transformer heating, 236-237, 1185-1186 
valve ratings, maximum, 1163-1164 
valve rectifiers, high vacuum, 1161-1191 
valve rectifiers, mercury vapour, 1161, 1164, 

1165 

valves and types of service, 1164-1165 

voltage and current waveforms, 1161-1162 

voltage doubler, 1174, 1175, 1178, 

1186-1187 

voltage multiplying rectifiers, 1186-1188 
voltage quadrupler, 1187-1188 

voltage tripler, 1187 

with choke-input filter, 1162-1164, 

1167-1169, 1182-1185 

design curves, 1184 

diode current, peak, 1183 

inductance, critical value of, 1182-1185 
swinging choke, 249-250, 1182 

transient current, initial, 1185 

with condenser-input filter, 1161-1163, 

1165-1167, 1169, 1170-1182 
analysis and design curves, 1170-1181 
aproximations when capacitance is 

large, 1178, 1180 

diode currents, determination of 

peak and average, 1174-1176 

peak inverse voltage, curves, 1177 

procedure when complete data not 

available, 1177-1179 

symbols, 1170 

transformer secondary r.m.s. current, 

1177, 1178 
transient plate current, peak hot- 
switching, H63, 1180-1181 

Rectified and filtered a.c. supply, 129 

see also under Rectification. 

Rectified sine wave, 130, 302 

Rectifier, equivalent circuit for, 1164 

Rectifier in a.c./d.c. receivers, 1267 

Reed armature loudspeakers, 831-832 

Reference acoustical intensity, 826 

Reference acoustical pressure, 826, 828 



Reference acoustical velocity, 826 

Reference frequency in tone control, 636 
References to periodicals, abbreviations 

and form of, 1367-1369 

Reflected load impedance in transformers, 

200-203 
Reflection coefficient of transmission lines, 891 
Reflection effects in filters, 178 

Reflections in rooms, effects of, 833, 841, 

864-865 
Reflex detector, 326, 1085-1086 

Reflex horn loudspeakers, 856-857, 867 

Reflex receivers — see under Receivers, 

reflex. 
Regeneration in converters, controlled, 988-989 
Regeneration in i-f amplifiers due to 
coupling between diode detector 
and signal grid, 1081 

Regeneration in reflex receivers, 1143 

Regenerative coupling in a-f amplifiers, 535 
Regenerative detector, 1086-1087 

Regenerative effects in receivers, tests for, 1303 
Regulation of power supply, effect on 

power amplifiers, 547-548, 551, 562, 

568-569, 572, 582, 584 

Regulation of transformers, 205-206 

Regulation, power supply, 1164, 1182 

Regulators, current and voltage (Chapter 

33), 1213-1222 

barretters, 1213-1214, 1266 

current regulators, 1213-1214, 1266 

references, 1222 

voltage regulators, 1214-1222 

gaseous tube types, 1214-1215 

valve types, 1215-1222 

screen used to correct for input 

voltage changes, 1219-1220 

simplest series form, 1218-1219 

valves suitable for use, 1218 

with controllable output voltage, 

1220-1221 
with extremely good regulation, 

1221-1222 
wet electrolytic condenser, use as, 193 
Reluctance, 229 

Reluctance, units of, 1332 

Remanence, 230 

Remanent flux density, 230 

Replacement of valve, when to effect, 121 
Reproduction, high fidelity, 630-632 

Residual flux density, 230 

Residual volume effect — see under Play- 
through. 
Resistance, 130-133 

Resistance-capacitance coupled pentodes, 

496-517 
Resistance-capacitance coupled triodes, 

482-495 
Resistance-capacitance filters, 172-176 

Resistance, equivalent noise, of valves, 

783-784, 937-938, 967-968, 972-973, 978, 
984, 1230 
Resistance, equivalent series loss, of aerial, 902 
Resistance, grid input, 49-53 

Resistance, interelectrode, tests for, 73, 94 
Resistance-loaded amplifiers, 24-27, 58-59, 
, J 482-517 

Resistance, loudspeaker suspension, mech- 
anical, 836 
Resistance of a conductor at any tem- 
perature, 137 D 
Resistance of any valve electrode, de- 
finition, 14 
Resistance of grid circuit, maximum — 
see under Grid circuit resistance. 
Resistance of space, intrinsic, 897 
Resistance, output, effect on loudspeakers, 

833, 840-841, 844-845, 848-849 
Resistance, series, of electrolytic con- 

_ denser, 192 

Resistance, units of, 1332 

Resistances in parallel, 132-133 

Kesistances in parallel, graphical method, 132 
Resistances in series, 131-132 

Resistances, interelectrode variational, 73 
Resistive component of impedance of 

aerial, 902 
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Resistivity of earth, 896 

Resistivity, units of, 1332 

Resistor, heating of, 134 

Resistors, characteristics of, 186-191, 1344-1347 

ambient temperatures, 187, 1345-1346 

capacitance of, 189 

carbon, 186, 1344-1346 

composition, 186 

standard composition, 1344-1346 

cracked carbon (high stability), 186, 190, 

1345-1346 

colour codes for, 1335-1336 

de-rating characteristic (dissipation), 

187, 1345 : 1346 
de-rating characteristic (voltage), 

187, 1345, 1346 
dissipation, 186-187 

effect of frequency on resistance, 189 

effect of humidity on resistance, 

188-189, 1345, 1346 
effect of soldering, 188, 1345, 1346 

effect of temperature on resistance, 

188, 1345-1347 
effect of voltage on resistance, 188, 1345 
inductance of. 189 

negative temperature coefficient, 158, 190, 

1267 

noise of, 189-190, 783, 1345 

potentiometers, 191, 1356 

preferred values, table of, 1337-1339 

references, 198, 1358-1360 

stability, 186 

standard resistors, 1344-1360 

temperature coefficient, 190, 1346 

temperature rise, 187, 1394 

thermistors, 158, 190, 1267 

tolerances in resistance, 186, 1344—1347 

variable composition, 191, 1356 

voltage coefficient, 1345, 1346 

voltage ratings, 187, 1345 

wire-wound, 186, 1346-1347 

non-inductive, 186 

standard, 1346-1347 

Resonance/frequency table, a-f, 1386 

Resonance, parallel, 150-153, 410-411, 

424-425 
determined by maximum impedance, 151-152 
determined by unity power factor, 150 
Resonance, r-f solenoid design chart, 1386, 1387 
Resonance, series, 145, 409, 412, 424 

Resonance with LC hum filters, avoiding, 1193 
Resonances in unused coils, checking, 1252 
Resonances, room, 841, 864-865 

Resonant circuits, iron-cored inductors 

in, 251 

Resonant circuits to provide bass boost- 
ing, 644-645, 666-667, 736 
Resonant frequency, 408, 409 
Resonant frequency, loudspeaker bass, 

836, 837-841, 844-845, 848-849 
Resonant frequency, natural, 407, 408, 424, 948 
Resonant frequency of Colpitts oscillator, 952 
Resonant frequency of Hartley oscillator, 951 
Resonant frequency of negative transcon- 

ductance oscillator, 954 

Resonant frequency of tuned-grid os- 
cillator, 950, 951 
Resonant frequency of tuned-plate os- 
cillator, 949, 951 
Resonant frequency, parallel, 410 
Resonant frequencies, primary, of aerial 

and r-f coils, measurements of, 1325 
Resonant impedance of parallel tuned 

circuit, 41 1 

Reverberation time, 863-864 

Reversible self-rectifying vibrators, 1203-1204 
Revolution (angular measure), 1330 

Ribbon microphone, pressure, 775, 779 

Ribbon microphone, velocity, 775, 779 

Ripple, 1161, 1173 

Ripple current ratings of electrolytic 

condensers, 193-194, 1358 

Ripple current through filter condensers, 

1181-1182 
Ripple factor (percentage), 1176,1177 

Ripple frequency, definition, 1402 

Ripple in rectified and filtered a.c. supply, 129 



Rocking tuning control, 990 

Roll-off, definition, 1402 

Roll-off frequencies in a-f amplifiers, high, 631 
Room noise, 620-621, 625 

Room resonances, 841, 864-865 

Rooms, acoustics of, 864-865 

Root mean square, 134, 1298 

Roots, 255, 261 

Routh-Hurwitz criterion of stability, 356 

Rumble filters, 744-749 

Rumble in phonograph combinations, 

tests for, 1312 

Rumble in record reproduction, 705, 706, 744, 

1312 



S-meter, 1263 

Sabin, definition, 863 

Safety margin in feedback amplifiers, 

359, 367, 368, 372 
Saw-tooth waves, 130, 301 

Scalar, definition, 1402 

Scales, musical, 873-874 

Schmitt phase inverter, 526, 670 

Scientific notation in arithmetic, 255 

Scott dynamic noise suppressor, 764 

Scratch filters for record reproduction, 

214, 636, 655-658, 737-738, 746-751, 763 
Scratch, needle, 704-705, 763-765 

Screen and bias stabilized amplifier, 593-594 
Screen and cathode by-passing of r.c.c. 
pentode, incomplete, attenuation and 
phase shift characteristics, 498-500 

Screen by-pass r.c.c. pentode, 496-499 

Screen bv-nass r-f series resonant 

""' "~"' * " """" 94471289, 1291 
Screen by-passing, attenuation slope and 

phase angle, 360-361 

Screen by-passing of r.c.c. pentode, in- 
complete, attenuation characteristics, 

496-497 
Screen by-passing of r.c.c. pentode, in- 
complete, phase shift/frequency char- 
acteristics, 489-499 
Screen characteristics of pentode, 16-17 
Screen circuit decoupling, 537 
Screen, concentric, effect on inductance 

of coils, 438-^41, 444, 473 

Screen-coupled cathode follower, 326, 532 

Screen-coupled direct-coupled amplifier, 532 
Screen current, average, push-pull Class 

A, ABi, pentodes, 584 

Screen current, Class A pentode, 562 

Screen current test, 103, 109, 113 

Screen dissipation, Class A pentode, 562 
Screen grid of tetrode or pentode, 7 

Screen loadlines, 513-514 

Screen regeneration in converters, 988-989 
Screen reflex superhet. receivers, design 

of, 1145-1146 

Screen series resistor, r.c.c. pentode, de- 
termination of, 505-506 
Screen source regulation, effect on power 

amplifiers, 562 

Screen stopper, type 807, 563 

Screen stoppers, general, 91, 1283 

Screen supply from voltage divider, r.c.c. 

pentode, 506 

Screen supply, r.c.c. pentode, 496 

Screen to control grid amplification factor, 35 
Screen transconductance, 34 

Screen voltage, low, operation at, 84 

Screen voltage supply, valve ratings for, 79 

Screening, electrostatic, in power trans- 
formers, 233, 786, 1198, 1279 
Screening, electrostatic, to reduce hum, 784 
Screens around coils, design of, 466, 473 
Screw threads, 1388-1391 
American screw threads, 1388 
B.A. screw threads, 1389 
self-tapping screws, drill sizes for, 1391 
unified screw threads, 1390 
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Screw threads (continued) 

Whitworth screw threads, 1389 

wood screws, 1391 

Scroggie's method for a.v.c. characteris- 
tics, 1114, 1232 
Secant of an angle, 272 
Second, measure of time, 1332 
Secondary emission, 2, 7, 8, 21, 39, 69, 71 
Sectionalized windings in transformers, 221-223 
Sector of circle, 273-274 
Selectivity, 412-417, 425-426, 917-918, 920 
adjacent channel, F-M, 1040 
curves, universal, 421-422 
curves, universal, applications of, 1027, 
1031, 1035, 1055 
expanding, 455-456, 1048-1050, 1260, 1262 
graphical methods, 416-417 
single tuned circuit, 416-417 
two identical coupled tuned circuits, 417 
of aerial stages, 917-918, 920 
of A-M receivers, adequate, 1040-1041 
of coupled circuits of equal Q, 415-416, 426 
of coupled circuits of unequal Q, 416, 426 
of coupled circuits — tuned primary, 

tuned secondary, 414-415, 426 

of coupled circuits — tuned secondary, 

413-414, 425 

of identical tuned circuits in cascade, 421 

of l-f amplifiers, 1026-1028, 1031-1033, 

1035-1037 

of single tuned circuit (series and 

parallel), 412-113, 425 

of superregenerative receiver, measur- 
ing, 1087 
of variable bandwidth crystal filters, 

1055-1056 

tests in receivers, 1303-1305, 1318 

variable, i-f, 455-456, 1048-1050, 1260, 1262 

Selenium rectifiers, 1169 

Self-bias operation — see under Cathode 

bias. 
Self-rectifying vibrators, 1203, 1204 

Semi-infinite straight line, definition, 362 
Sensitivity, deviation, tests for, 1317 

Sensitivity, maximum-deviation, tests for, 1317 
Sensitivity of power amplifiers, definition, 545 
Sensitivity, power, Class A triode, 559 

Sensitivity, quieting-signal, test for, 1317 
Sensitivity tests on A-M receivers, 1302-1303 
Sensitivity tests on F-M receivers, 1317 

Series arm of network, definition, 159 

Series combinations of L, C and R, 144-147 
Series, condensers in, 135 

Series connection of batteries (cells), 129 

Series, definition, 1402 

Series expansion : general case, 63 

Series expansion : valve with resistance 

load, 61-62 

Series, Fourier, 299-302 

Series impedance of tuned circuit, 409 

Series in algebra, 266-267 

Series, inductances in, 141 

Series, infinite, 268-269 

Series, Maclaurin's, 299 

Series-parallel combinations of L, C and 

R, 149-153 

Series, reactance and resistance in, im- 
pedance of — tables and charts, 1382-1385 
Series, resistances in, 131-132 

Series resistors, electrode voltages sup- 
plied through, 70 
Series resistors to limit rectifier current, 

1165, 1173 
Series resonance, 145, 409, 412, 424 

Series, Taylor's, 298 

Series to parallel impedance, conversion 

from, 157-158 

Service tester practice, 121-125 

Service testers 

a.c. versus d.c. test voltages, 124 

characteristics which should be tested, 122 

liieuiods of testing in, 123—125 

types of commercial, 122-123 

Service testing of valves, 121-125 

Sheet metal gauges, 1393 

Shellac pressings, 701, 704-708 



Shielding a-f transformers to reduce hum, 

207, 210-211, 781, 784, 1198 
Shielding of leads, magnetic, in pre-ampli- 

fiers, 786 

Short-circuit, definition, 1402 

Short-circuit feedback admittance, 50-55 

tests for, 117 

Short-circuit feedback admittance, 

methods of increasing in i-f amplifiers, 1064 

Short-circuit forward admittance, 50-55 

tests for, 117 

Short-circuit interlectrode admittances, 69 

Short-circuit input admittance, 50-55 

tests for, 113-117 

Short-circuit input capacitance, change of, 

with transconductance, 55 

Short-circuit input conductance, typical 

values of, 55 

Short-circuit output admittance, 50-55 

tests for, 117 

Short-circuits, interelectrode, tests for, 

73, 91-93, 123 
Short-wave coils, design of, 463-468 

charts, 466-473 

Short-wave communication, long dis- 
tance, 404, 901 
forecasting frequencies for, 404, 901 
Shelter's method of testing for loud- 
speaker transients, 870-871 
Shot effect noise, 783, 787, 936-938, 1230 
Shunt arm of network, definition, 159 
Shunt capacitance coupling in i-f trans- 
formers, 1023-1024 
Shunt, definition, 1402 
Shunt diode bias supplies, 1188-1191 
Sibilant speech sounds, distortion of, 

with volume compression, 683 

Sideband cutting in receiver, equalization 

of, 654 

Sideband, definition, 1402 

Side-chain amplifier in volume expansion, 686 
Side frequency, definition, 1402 

Side-thrust on grooves of record, 723, 726-727 
Siemens, 1332 

Signal circuits, padded, 1013-1017 

Signal generator, standard, 1298-1299, 

1315-1316 
Signal strength meter, 1263 

Signal to noise ratio in microphone pre- 
amplifiers, 788, 793 
maximum possible, 788 
standard, in pre-amplifiers for broad- 
casting, 793 
with crystal microphones, 788 
Signal to noise ratio in record reproduc- 
tion, maximum, 704-705, 766, 770 
Signal voltage, definition, 1402 
Silicon crystal detectors, 1137 
Silvered mica dielectric condensers, 196 
Simple harmonic motion, 278-279, 702 
Sine of an angle, 272, 275 
Sine wave alternating current, 129, 130, 278 
Sine wave, average (r.m.s.) by definite 

integrals, 298 

Sine wave, derivative and integral of, 130 
Sine wave, distorted, 130 

Sine wave, fundamental, 130, 299-300 

Sine wave, harmonic frequency, 130, 300 
Sine wave, rectified, 130, 302 

Single channel sound system vs. dual 

channel, 627 

Single time constant circuit, 359 

Sinking diode circuit, 1108, 1117, 1257, 1295 
Sinusoidal, definition, 1402 

Skating, groove, 710, 713 

Sky (space) wave, 404, 896, 897 

Slide rule, 257-258 

Slide rule, special calculations on, 258, 822-823 
Sliding screen, effect on gain, 28-29 

Slope, negative, 25, 289 

Slope of bass boosting frequency charac- 
teristics, maximum, 642 
Slope of curve, 280, 289-291 
Slope of dynamic characteristic, r.c.c. 

pentode, 506, 507-508 
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Slope of mutual characteristic, 17 

Slope, rate of change of, 289-291 

Small compared with, definition, 1402 

Sockets, octal, use of pin No. 1, 81 

Sockets, valve, connections to, 80, 81 

Soft valve, definition, 1402 

Soldering, effect on composition resistors, 

188, 1345, 1346 
Soldering valves into wiring, 81 

Solenoids, multilayer, design of, 443-444 
Solenoids, multilayer, inductance of, 441-444 
Solenoids, single layer, calculation of 

self-capacitance, 451-452 

Solenoids, single layer, design of, 443—145 
Solenoids, single layer, inductance of, 42 9- 441 
Solids, surfaces and volumes of, 275 

Sound chamber in horn loudspeakers, 854-855 
Sound, critical frequency bands, 621-622 

Sound equipment, loudspeakers, standards 

for, , 874-876 

Sound level and noise, measurement of, 827-880 

acoustical noise measurement, 827 

electrical noise measurement, 827 

noise in amplifiers, measurement of, 829-830 

broadcast systems, 829 

sound equipment, 829 

noise level, definition, 829 

noise level, weighted, standard, 829 

objective noise meter, 828 

radio noise, measurement of, 829-830 

radio noise' meter, 829-830 

references, 830 

sound level meter, American standard, 828 

sound levels, typical— table, 828-829 

weighting network for measurements, 

827-828 
Sound ievei and peak acoustical power, 

difference between, 623 

Sound level — see also under Volume level. 
Sound levels, nomogram for adding two 

component, 821-822 

Sound levels, preferred listening, 623 

Sound or film, 701 

Sound pressure with conversational 

speech,. 775 

Sound reinforcing systems, 866-867 

Sound, reproduced, imagery for describ- 
ing, 604-605 
Sound system, complete, 810, 812-813 
Sound system rating, 812-813 
Sound system, single channel vs. dual 

channel or stereophonic, 627 

Sound systems, constant line voltage, 874, 883 
Sound, velocity and wavelength of, 872 

Sound waves, 403 

Source impedance, effect, of zero or nega- 
tive, on loudspeakers, 841 
Source impedance for pre-amplifiers, 

standard, 793 

Source impedance, loudspeaker measure- 
ment, 812, 874 
$pace charge, 3, 71 
Space charge coupling in converters* 

963, 975-977, 980 
Space charge, effect on input capacitance, 51 
Space charge tetrodes as power amplifiers, 569 
Space current, 70 

see also Cathode current. 
Space current, definition, 1402 

Space, intrinsic resistance of, 897 

Space (sky) wave, 404, 896, 897 

Spark plates in car radio, 1277 

Specification for power transformers,: 241 
Specifications for a-f transformers, 228 

Specifications for motor and turntable 

unit, 705 

Speech and noise, references, 634 

Speech articulation, 628-629, 630 

Speech clippers, 693-694 

Speech, compression of, 684 

Speech, conversational, sound pressure 

with, 775 

Speech, declamatory, 629 

Speech, masking by noise, 629 

Speech peak dynamic range, 628 

Speech power, 628 



Speech reproduction, 628-630 

Speech reproduction, distortion in, ' 629 
Speech reproduction, frequency ranges 

for, 630 

Sphere, 275 

Spider cone suspension, 835 

Spirals, flat,- inductance of, 445-446 

Split-reed synchronous vibrators, 1204 

Spurious frequencies 

formed by interinodulation distortion, 62 

from converters, 62, 987, 995, 1247 

in A-M receivers, 1116, 1278-1279 

tests for, 1310 

spurious response ratio, 1310 

image response, tests for, 1310 

image ratio, tests for, 1310 

in F-M receivers, 1112, 1294, 1295, 1310, 

1319 
Spurious radiation in F-M receivers, open 

field method of measurement of, 1320 
Spurious-response ratioj 1310 

Spurious responses-rsfie under Spurious 

frequencies. 
Sputter in rectifier valves, '.,"... 100 

Sputtering, 3 

Square wave testing for loudspeaker 

transients, . 870 

Square wave testing of a-f amplifiers, 1324 
Square waves, 130,301,870,1324 

Squeals (squeaks) in A-M receivers, 1246, 1312 
Squegging, 958, 992; 1001, 1244, 1246 

Squelch systems, 1125-1130 

Stability factor (Becker), 388 

Stability in a-f amplifiers, tests for, -;. 1324 
Stability in feedback amplifiers, 356-378 

see also under Feedback. 
Stability in i-f amplifiers, 1065-1067 

Stability in r-f amplifiers, 942^-944 

Stability in voltage amplifiers, 535^538 

Stability margin in feedback amplifiers, 

359, 367, 368, 372 
Stability of composition ' resistors, -186 

Stability of electrical characteristics of 

valves, 69, 70 

Stabilization, frequency, 957-958, 992-996 
Stabilized amplifier, bias and screen, 593-594 
Stacking factor in power 'transformers, 235 
Stage gain, test for, 74, 108 

Stagger tuning of i-f transformers, 1026 

Staggering attenuation characteristics of 

feedback amplifiers, 364-365, 367, 382-385 
Stand-by operation of valves, . 84 

Standard a.c. waveform, 130 

Standard distribution lines, loudspeaker. 

power rating, 874 

Standard test signals, loudspeaker, 874-875 
Standards, American recording, . 702 

Standards,; for loudspeakers, 874-876 

Standards for microphones,. 781-782 

Standards for pre-amplifiers, ; 793 

Standards for vibrator power transformers, 1207 
Standards for vibrators for auto-radio, 1205 
Standing-wave ratio of transmission lines, 891 
Standing waves in enclosed cabinets, 843 
Statampere, 1332, 1333 

Statcoulomb, measure of charge, 1332, 1333 
Statfarad, 1332, 1333 

Stathenry, 1332, 1333 

Static characteristics, 71,72 

Statmho, 1332, 1333 

Statohm, 1332, 1333 

Statvolt, 1332, 1333 

Step circuit in feedback amplifiers, phase 

angle, . 361 

Step in attenuation characteristic, 368, 371 
Stephan's formulae 1 for inductance: of 

coils, ■ • " 442;, 443-144 

Steradian, definition, .1402 

Stereophonic reproduction, '■■.'< 627, 865-866 
Stiffness of cone suspension, 836 

Stop band of filter, 180 

Stopper resistors, 91, 326, 560, 562, 563* 958, 
959, 1000, 1283 
Storage battery operation, valve ratings - 
for, 78, 79 
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Straight line, equation to, 280 

Strain, definition, 1403 

Stress, definition, 1403 

Striking voltage of gaseous voltage regu- 
lator, 1214 
Stroboscope, use of, in recording, 702 
Styli (needles), 702, 704, 706, 708, 709-714 
Styli, colour codes for, 711 

see also under Needles. 
Styli, diamond, 710, 711, 714, 717, 718, 719, 

720 
Styli, osmium, 711, 714 

Styli, oval, 710 

Styli, permanent, 710-714 

Styli, sapphire, 710-714, 717, 718, 719, 720, 

722 
Styli, tungsten carbide, 710, 711, 717, 722 
Stylus force, vertical, 702, 708, 709, 712, 

718-722, 768, 769 
minimum, for tracking, 712, 715, 719, 720 
Stylus friction, influence of, 726-727 

Stylus, N.A.B. secondary standard, 711 

Stylus tip, jewel, polish of, 712 

Stylus tip, shape of, 710 

Stylus wear, method for giving positive 

indication of, 714 

Sub-frequencies in loudspeakers, 871 

Sub-harmonic, definition, 1403 

Sub-harmonics in loudspeakers, 871 

Sub-multiples and multiples, 1405 

Subscript, definition, 1403 

Subscripts for magnitude letter symbols, 

1364-1365 
Subsidiary feedback, 375-378 

Subsidiary voltages and attenuation char- 
acteristics in feedback amplifiers, 
summation of, 372-375 

Subtraction, 260 

Sunlight, spectral energy curves of, 1396 

Superheterodyne tracking, 1002-1019 

Superposition theorem, 165 

Superregenerative detector, 1087 

Superscript, definition, 1403 

Supersonic, definition, 1403 

Supplementary angles, 272 

Supply impedance per plate, plate, 99 

Supply voltage, oscillator frequency varia- 
tion due to changes in, 949, 953, 955 
Suppressor characteristics, 21-22 

Suppressor grid as detector, 22, 1257 

Suppressor grid, connection of, with 

triode operation, 36 

Suppressor grid controlled pentodes in 

volume expanders, 686, 689-690 

Suppressor grid of pentode, 8 

Suppressor, noise — see under Noise. 
Surface noise and dynamic range, 704-705, 

763-765 
Surface wave, 896, 897 

Surgeproof electrolytic condensers, 193 

Surround, annular cone, 835-836 

Susceptance and conductance from re- 
actance and resistance, chart for de- 
termining, 155, 156 
Susceptance, grid input, 49-53 
Susceptance of arms and networks, 153-154 
Susceptance, sign of, 50, 153 
Susceptance, signal grid input, in con- 
verters, 976-978 
Suspension, cone, 835-836 
Swarf in recording, 766 
Swinging choke, 249-250, 1182 
Symbols, standard, and abbreviations, 

1363-1371 
abbreviations, 1366-1367 

titles of periodicals, 1367-1369 

graphical, standard, 1370-1371 

magnitude letter symbols, 1364 

subscripts for, 1364-1365 

with subscripts, 1365-1366 

mathematical signs, 1366 

multipliers, __ 1363 

references to periodicals, form of, 1359 

references to symbols and abbrevia- 
tions, 1369 
Symmetrical, definition, 1403 



Symmetrical networks, 179 

Synchrodyne receiver, 1226-1227 

Synchronous vibrators, 1203, 1204 

Synthetic bass, 616, 676 

System rating, R.M.A. microphone, 776, 
809-810, 812-813 



Tables, charts and sundry data (Chapter 

38) 1329-1423 

(for details see Contents), 
decibel tables, 813-821 

Tangent of an angle, 272, 275 

Tangent to a curve, 280, 291 

Tap, definition, 1403 

Tapping down on oscillator coil for 

stability, 957 

Taylor's series, 298 

Telephone receivers (headphones), 832-833 
Temperature changes, oscillator frequency 

variation due to, 955-956 

Temperature characteristic of valve heater, 

10, 11 
Temperature coefficient of composition 

resistors, 190, 1346 

Temperature coefficient of resistivity of 

copper, 237 

Temperature compensation of tuned cir- 
cuits, 196, 956, 957, 1041 
Temperature, effect of, on capacitance of 

electrolytic condensers, 192, 193 

Temperature, measurement of, 1334 

Temperature rise of composition re- 
sistors, 187, 1394 
Temperature rise of power transformers, 

236-237 
tests for, 1302 

Temperature rise of wire-wound re- 
sistors, 1394 
Term, definition, 1403 
Terminal, definition, 1403 
Tertiary, coils in i-f transformers, 1048-1049 
Tertiary, definition, 1403 
Test records, frequency, 702-703, 716, 752-757 
Testing apparatus for receivers, 1298-1300, 

1315-1316 
Testing of a-f amplifiers for frequency 

response at different levels, 626, 1323 
Testing of a-f power amplifiers, 548, 1321-1325 
Tests and measurements 
amplifiers, a-f, 548, 626, 1321-1325 

amplitude of frequency test records, 

optical methods, 752-753 

coils, 453, 1325-1326 

coils, self-capacitance of, 453 

distortion in sound recording, proposed 

standards for, 762 

inductance and impedance of iron-cored 

inductors, 250-251 

phonograph combinations, 1309, 1311-1312 
pickups, 715, 716-717, 762 

ratio detectors, 1102-1105 

receivers, A-M, 1297-1314 

receivers, F-M, 1314-1320 

recorded velocities, 729 

references, 1327 

transformers, a-f, 207, 227-228, 626 

transformers, power, 236-237, 1302 

valves, 68-127 

Tetrodes, 7 

kinkless, output, 8, 569 

space charge, as power amplifiers, 569 

Thermal agitation noise, 4, 189-190, 782, 

788, 935-936 
Thermionic emission, 2, 3, 69 

Thermistors, 158, 190, 1267 

Thevenin's theorem, 164 

Thorn needles, 710 

Threshold howl with regenerative de- 
tectors, 1087 
Throat microphones, 780 
Throat of horn loudspeakers, 854-855 
Throttled air-flow loudspeakers, 832 
Throw-in (and out) frequency (a.f.c), 1154 
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Thump in volume limiters and ex- 
panders, 683, 688 
Thyrite, 158 
Time constant, 137, 141, 172, 173, 536 
de-emphasis curve with time constant 

75 microseconds, 638 

of a.v.c. filter circuits, 1105-1106, 1109, 

1115-1117, 1233 

of diode detector circuits, 1080-1081 

of r.c. filters, 172, 173, 638 

recording pre-emphasis in terms of, 728 

single time constant circuit, 359 

Time delay in loudspeaker installations, 866 

Time-efficiency of vibrator, 1205 

Time, units cf, 1332 

Titles of periodicals, abbreviations of, 1366-1369 

Tolerance, definition, 1403 

Tolerances in components, effect of, on 

stability in feedback amplifiers, 359, 371 
Tolerances in composition resistors, 

186, 1344-1347 
Tolerances in electrolytic condensers, 192 
Tolerances in elements in tone control 

networks, 639 

Tolerances in screen series resistors and 
cathode bias resistors, effect on r.c.c. 
pentodes, 515-516 

Tolerances in valve characteristics, 9, 15, 88 
screen currents, 9 

Tonal balance, 617, 632 

Tone burst for testing loudpeaker tran- 
sients, 870 
Tone compensation and tone control 

(Chapter 15), 635-678 

attenuation expressed as time con- 
stant, 638 
automatic freauency-compensated tone 

control, " 672-674, 1234-1239 

method incorporating inverse volume 
expansion with multi-channel am- 
plifier, 673-674 
bass attenuation, 649-652 

see also under Bass attenuation, 
bass boosting, 640-648 

see also under Bass boosting, 
calculations involving decibels per 

octave, 837-638 

combined bass and treble controls, 

658-669, 739-740, 746-751 
continuously variable controls, gen- 
eral, 662 
dual controls, 664-668 
ganged controls, 664 
single control, 662-664 
fixed bass and treble boosting, 662 
quality switch, 659 
step-type using feedback, 669-670 
stepped controls, general, 658 
universal step-type, not using in- 
ductors, 660-661 
universal step-type using inductors, 

661-662 
combined bass controls, 653 

stepped controls, 653 

combined treble controls, 658 

damping of tuned circuits, 639 

distortion due to tone control, 606, 636-637 
elements of tone control filters, 639 

feedback to provide special attenuation 
characteristics at low or high fre- 
quencies, 671-672 
feedback to provide tone control, 
330, 336, 347, 378-379, 645-647, 651, 655, 
667, 669-672, 741, 748-751, 757-758 
fundamental circuit with R and C for 

constant input voltage, 639 

general considerations, 636 

fimitation of frequency range by filters, 

214, 636, 655-658, 737-738, 746-751, 763 
see also Bass attenuation, 
listener and tone control, 677 

multiple channel amplifiers, 673-674, 676 
position of equalizer and tone control, 636 
purpose of tone compensation, 635-636 
references to tone control and tone 
compensation, 677-678 

see also under Equalizing. 



Tone compensation and tone control 
(continued) 
synthetic bass, 616, 676 

tolerances of elements, 639 

tone control, definition, 636 

tone control in volume expanders, 

position of, 686 

treble boosting, 653-655 

see also under Treble boosting, 
whistle filters, 673-676 

crystal filters, 675 

narrow band rejection filter, 675 

parallel-T network, 675-676 

resonant circuit filters, 673-675 

Tone control — see under Tone compensa- 
tion and tone control. 
Top bend of dynamic characteristic, 508 

Top bend rectification, 508, 1084-1085 

Toroidal coils, inductance of, 445 

Torque of turntable unit, 705 

Tracking capability of pickup, checking, 762 
Tracking error in record reproduction, 

712, 723-727 

Tracking in record reproduction, 723-727, 729 

Tracking, superheterodyne, 1002-1019 

arithmetical-mean tracking, charts for, 1014 

arithmetical-mean tracking, formulae 

for, 1010, 1015-1017 

centre tracking frequency, 1004 

charts for geometrical-mean tracking, 

1005-1009 
circuits used for tracking analysis, 1002 
feedback winding for good tracking, 1004 
formulae and charts for design, 1005-1011 
worked examples, 1011-1013 

general treatment, 1002-1004 

geometrical-mean tracking, charts for, 

1005-1009 
high impedance primaries, effect on 

tracking, 1003 

minimizing tracking error, 1233 

padded signal circuits, 1013-1015 

worked example, 1015-1017 

padder, 1003-1004, 1010-1017 

padder, possible arrangements of, 1003 
permeability circuits, 1002 

references, 1017-1019 

three point tracking, 1002-1019 

tracking curves, typical, 1003 

two point tracking, 1002 

Transconductance, conversion, defini- 
tions, 14, 109, 964-967 
Transconductance, conversion, tests for, 

74, 109-111, 124 
Transconductance, definition, 14 

Transconductance, grid-plate, 14, 72 

see also Mutual conductance, 
tests for, 74, 103-104, 113, 123, 124 

Transconductance, mixer, test for, 111 

Transconductance, screen, 34 

Transconductances, interelectrode, 73 

Transcription records, reproduction from, 

701, 731, 769-771 
Transducer, definition, 1403 

Transfer characteristics, 17 

Transfer coefficient, 306 

Transfer (linearity) characteristics of a-f 

amplifiers, 587, 610, 611 

Transformer-coupled amplifiers, 27-34 

Transformer plate supply impedance per 

plate, 99 

Transformers, aerial coupling, 912, 916-921 

capacitance coupling, 921 

coefficient of coupling, 918-920 

fixed tuned, 912, 921 

gang capacitor tuned, 912-922 

difficulties with, 913 

inductance tuned, 912 

mutual inductance coupling, 912, 916-920 

high-impedance primary, 918 

top capacitance coupling, 918 

tapped inductance, 912, 920-921 

Transformers and iron-cored inductors 

(Chapter 5), 199-253 
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Transformers, audio-frequency, 206-228 

amplification at mid-frequency, 209 

" building out " into half section filter, 214 
capacitance due to layer winding, chart 224 
capacitance due to random winding, 

chart, 225 

colour code, 1342 

core materials, 206-209, 210, 214 

high permeability alloys, 206-209 

silicon steels, 206-207 

core, weight of steel in, 208 

d.c. polarization, effect of, 207 

device to give improved high frequency 

characteristics, 214 

distortion due to core, 206, 207, 210, 211, 
212, 213, 214-217, 227 
distortion in cores, method of measur- 
ing, 207 
driver transformer design, 591 
driver inductance, 591 
driver resistance, 591 
looking backwards impedance, 591 
Mcintosh amplifier, 595-596 
driver transformer leakage inductance, 

effects of, 590 

efficiency, 228, 567 

frequency response, 206, 207, 209, 227, 518 

frequency response and distortion, 209, 217 

interstage transformers, Class A and 

B, 209-210 

low-level transformers, 210-211 

output transformers, 211-217 

hum in, 206, 207, 210-211, 540, 781, 785 
insertion copper loss, 214 

leakage inductance, 207, 209, 210, 212 

leakage inductance chart, 219 

leakage inductance, designing for low, 

217-219 
loss, 228 

microphone, 781 

mixing windings, 221-223 

operating level, 206-207 

orienting to reduce hum, 785 

output, effect on frequency response 

variation with output level, 626, 1323 

output, matching with, 880, 881-882 

output primary resistance, effects of, 566 
output transformer leakage inductance, 

effects of, 566, 572-573 

output transformer, power handling 

capacity, 227, 631 

output transformers for special ampli- 
fiers, 
Mcintosh, 594-595 

Williamson, 346-347 

output transformers, tests for charac- 
teristics, 227-228 
phase shift in, 206, 207, 214, 518 
primary inductance, effect on frequency 

response, 207, 209, 212-214 

primary inductance, output trans- 
formers, 212-214 
random winding, 223-227 
references, 252 
sectionalizing windings, 221-223 
shielding to give hum reduction, 

207, 210-211, 781, 784, 1198 
specifications for, _ _ 228 

spiral cores of grain-oriented silicon 

steel, 208 

winding capacitances, 207, 209, 210, 212 
winding resistances, 214 

see also Amplifiers, a-f transformer 
coupled. 
Transformers, ideal, 199-203 

auto-transformers, 200 

double-wound, 199 

impedance calculations — multiple loads, 

201-203 
impedance calculations — single load, 200-201 
transformed (reflected) load imped- 
ance, 200-203 
Transformers, input, for record pre- 
amplifiers, 743-744 



Transformers, intermediate frequency 

cans for, 1043 

capacitance, values of, for tuning, 

1021, 1024, 1062 
colour code, 1342 

commonly used circuits, 1022-1025 

composite F-M/A-M, 1024-1025 

construction, 1041-1043 

coupling factors, 1023—1024 

coupling factors, calculation of, 414—416, 
419-421, 1023-1024, 1043-1048 
coupling factors, measurement of, 

1025, 1030-1031, 1033-1034, 1102 

coupling, mixed, 1025, 1044-1048 

design of coils, 454-455, 1041 

enclosed in powdered iron pots, 1042 

F-M i-f transformers, 1037-1041 

bandwidth requirements, 1037-1038 

distortion in, 1038-1039, 1068-1069 

example, 1039-1041 

frequency deviation, method for 

measuring, 1039 

introduced amplitude modulation, 

1038-1039 

L/C ratios in, 1024 

mixed coupling, 1025, 1044-1048 

mutual inductance coupling, 1023, 1025-1041, 

1046, 1048-1050 

design methods, 1025-1048 

critically-coupled, 1026-1031 

k measurement, 1025, 1030-1031 

over-coupled, 1031-1034 

* measurement, 1033-1034, 1102 

under-coupled, 1035-1037 

selectivity of, 1026-1028, 1031-1033, 

1035-1037 

shunt capacitance coupling, 1023-1024 

stagger tuning of, 1026 

tapping down in, 1024, 1040 

television receivers, for, 1026 

tertiary coils, 1048-1049 

triple tuned, 1026 

variable (expanding) selectivity, 455-456, 

1048-1050 

windings, design of, 453-459 

Transformers, parallel-fed, ultimate slope 

of attenuation characteristic, 360 

Transformers, power, 233-241 

area, cooling, 237 

build of winding, 236 

coil data, table, 240 

colour code, 1342-1343 

copper loss, 235, 236 

core losses, 234 

core material, 234-235 

core size, 235 

currents in windings, 236-237, 1177, 1188, 
1185-1186 
efficiency, 233, 235 

electrostatic screening, .233, 786, 1198, 1279 
flux density, 235 

iron loss, 235 

laminations, 234-235 

leakage inductance, 233 

magnetizing current, _ 235 

mean length of turn, computing, 241 

primary turns, 235 

references, 252-253 

secondaries, turns for, 235 

specifications for, 241 

stacking factor, 235 

temperature rise, 236-237 

standard tests for, 237, 1302 

typical design, 237-241 

vibrator transformer design, 1205-1207 

wire gauges choice of, 236 

see also under Inductors, iron-cored. 
Transformers, practical, 204-206 

capacitances, 204, 207, 209, 219-227 

core loss, 204 

effects of losses, 205-206 

efficiency, 205 

equivalent circuit, 204, 205 

impedance ratio, effect of losses on, 206 
inductances of windings 204 
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Transformers, practical (continued) 

leakage inductances, 204, 207, 209, 210, 

212, 217-219 

maximum efficiency, condition for, 205 

regulation, 205-206 

regulation, effect of copper loss on, 206 

relation between copper and iron losses, 205 

resistances of windings, 204 

see also Magnetic circuit theory. 

Transformers, quarter wave, 892 

Transformers, radio frequency, 922-925 

choke-capacitance coupling, 924 

grounded-grid stages, 925 

high-impedance primary, effect on 

tracking, - 1003 

mutual inductance coupled, 922-923 

coefficient of coupling, 923 

high-impedance primary, 923 

low-impedance primary, 922 

top-capacitance coupling, 923 

parallel-tuned circuit, 923-924 

untuned and pre-tuned, 924-925 

Transient current with choke input 

niters, initial, 1185 

Transient, definition, 540 

Transient distortion in a-f amplifiers, 540, 582 
Transient plate current, peak hot-switch- 
ing, 1163, 1180-1181 
Transient response, effect of damping on 

loudspeaker, 833 

Transient response, oscillatory, in feed- 
back amplifiers, 365, 367, 382, 386 
Transient response, testing feedback am- 
plifier for, 366 
Transient waveform distortion in volume 

limiters, 683 

Transients, 137, 141, 483, 540 s 582, 683 

Transistors, 1 1 38 

Transit time effects in valves, 47, 50, 51, 69, 

930-932, 968, 971, 975, 980, 983, 985, 986 

Transitional coupling factor, 416, 1031 

Translation loss, 759, 770 

Transmission lines, 890-892 

characteristic impedance of, 890-891 

correct termination for, 890-891 

impedance-transforming action of, 891-892 

input impedance, 892 

matching generator to load, section of 

line for, 892 

quarter-wave transformer, 892 

reflection coefficient, 891 

standing- wave ratio, 891 

standing- waves on, 891 

velocity of propagation along, 891 

wavelength in cables, 891 

Transmission of intelligence, 405-406 

Transmission units, 826 

Trapezoid, 273 

Traps (band elimination filters), de- 
finition, 172 
Treble attenuation, 655-658 
by constant k filter, 657 
by M-derived filter, 657 
by multiple channels, 739-740 
by negative feedback, 657-658, 746-751, 
1235, 1237, 1238 
by parallel-T network, 176, 657, 675-676, 
737, 738, 746-751 
by RC network, 660-661 
by shunt capacitance, 174-176, 655-656, 
660, 661-662 
by step- type control, 660-661 
de-emphasis for record reproduction, 

736-737, 744-751 
distortion with, 636-637 

scratch filter for record reproduction, 

214, 636, 655-658, 737-738, 746-751, 763 
whistle filters, 673-676 

Treble boosting, general, 653-655 

automatic frequency-compensated tone 
control — see under Tone compensa- 
tion, 
by feedback, 379, 655, 667, 669-670, 672, 
1235-1237 
by inductance in grid circuit, 654 

by multiple channels, 739-740 



Treble boosting (continued) 

by network incorporating inductors, 661-662 
by RC network, 660-661, 664 

by resonant circuits, 654, 666-667 

by step-type control, 660-661 

distortion with, 606, 637 

equalization of side-band cutting, 654 

methods not involving resonance or 

feedback, 653-654, 660-661, 664 

conventional (RC) circuit, 653-654 

Treble, definition, 1403 

Triangle, angles of, 272 

Triangles, 272-273 

Trigometrical operator, 286, 287 

Trigometrical relationships, 271-272, 275-278 . 

angles of any magnitude, 276 

approximations in, 271-272, 278 

Trigometrical series, 269 

Trigometrical tables, 1420 

hyperbolic tables, 1421 

Trimmer condensers, 197, 1356 

Triode amplification factor of pentodes, 35-36 

Triode characteristics, specific, tests for, 101-108 

Triode, dissipation of resistance-loaded, 26 

Triode, dynamic characteristics of, 

25-26, 72, 491 
Triode g of pentode, 34 

Triode-heptode, 8, 963 

Triode-hexode, 8, 963 

Triode operation, connection of sup- 
pressor grid, 36 
Triode operation of pentodes, 34-36, 547, 

785, 787 
6AU6 pentode with screen as anode, 785, 787 
Triode operation of power pentodes, 547 
Triode operation of power pentodes, 

partial, 570 

Triode-pentode, 8 

Triode plate resistance of pentode, 36 

Triodes, 7 

Triodes, characteristics at low plate 

currents, 65 

Triodes, crystal, 1138 

Triodes, general purpose, 482 

Triodes, high mu, 482 

Triodes, matching of load resistance with, 61 
Triodes, matching to loudspeaker, 881 

Triodes, power amplifier, 7 

Triodes, power, figure of merit for, 61 

Triodes, push-pull, Class A, AB l5 571-582 
Triodes, remote cut-off, in volume ex- 
panders, 689 
Triodes, r.c. coupled, 482-495 
comments on tabulated characteristics, 495 
equivalent circuit, exact, 494 
gain/frequency characteristic, 494-495 
maximum output voltage and distortion, 

491-493 
phase shift/frequency characteristic, 

494-495 
Triodes, single, Class A, 548-560 

optimum operating conditions, 555-558 

Triodes, twin, 8 

Trip mechanisms in record changers, 705-706 
Triple system loudspeakers, 860-861 

integral, 860 

Tropic proofing, commercial, 1282-1283 

Tropic proofing of coils, 476-478 

Tuned circuit, parallel, impedance of, 149-152 
Tuned circuit, parallel resonance de- 
termined by maximum impedance, 151-152 
Tuned circuit, parallel resonance de- 
termined by unity power factor, 150 
Tuned circuit, series (series resonance), 

145, 409, 412, 424 
Tuned circuits, 407-428, 947-948, 1034-1035 
coupling of, 418-421, 1022-1050 

complex (mixed) coupling, 420-421 

high impedance (top) coupling, 418 

i-f transformers, 1022-1050 

link coupling, 418, 419 

low impedance (bottom) coupling, 

418, 419 
mutual inductive coupling, 418, 419 
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Tuned circuits (continued) 

in cascade, identical, gain and selec- 
tivity of, 421 
in tone control, damping of, 639 
references, 427-428 
single, 407-413, 416-417, 421-428, 947-948, 
1034-1035 
summary of formulae, 423-426 
Tuned grid oscillator, 950-951, 952 
Tuned plate oscillator, 949-950, 951, 952, 994 
Tuning indicators, 1132-1136, 1139 
electron ray type (" Magic Eye ") 1132-1136 
for F-M receivers, 1135-1136 
miscellaneous methods, 1132 
null pint indicator using, 1134-1135 
references, 1139 
shunting of detector diode by, 1074 
wide angle tuning with, 1134 
Tuning methods in radio receivers, 913 
gang capacitor tuned, 912-925 
difficulties with, 913 
inductance (permeability) tuned, 461-462, 
912, 913, 953, 1002, 1289 
push-button, 1151,1260 
Tuning test of receivers, 1312, 1319 
Tuning, permeability, 461-462, 912, 913, 953, 

1002, 1289 
Turnover voltage in germanium detectors, 

1136, 1137 
Turntable and driving mechanism, 705 

Turntable unit, specification for, 705 

Tweeters, 832, 860-S61 

Twist drill sizes, 1392 

Typical operating conditions for valves, 80 



u 

Ultimate attenuation, 174, 359-364, 637 

"Ultra-linear" operation of pentodes, 570, 587 
Ultrasonic, definition, 1403 

Ultrasonic frequencies, recording of, 704 

Ultraviolet light, wavelengths of, 404, 1363 
Under-coupled i-f transformers, 1035-1037 
Undistorted output, maximum, 1298, 1306, 

1315, 1318 
Unidirectional current, definition, 1403 

Unidirectional microphones, 780 

Unilateral elements, 159 

Unit impulse for testing loudspeaker 

transients, 870 

Units, 1329-1334 

electrical and magnetic units, 1331-1333 

absolute cg.s. electrostatic system, 1331, 

1332 
absolute cg.s. electromagnetic 

system, 1331, 1332 

absolute m.k.s. (Giorgi) system, 1331, 1332 

absolute system, definition, 1331 

practical systems, 1331, 1332 

rationalized systems, 1331, 1332 

relationships between, 1333 

unrationalized systems, 1331, 1332 

photometric units, 1334 

physical units, general, 1329-1330 

temperature, 1334 

Unity, definition, _ 1403 

Universal coils, gear ratios for, 456—457 

Universal coils, inductance of, 444 

Unrationalized systems of units, 1331, 1332 

Unstable oscillation, 958-959 

Untuned r-f stages, 924-925 



Vacuum, 69, 70 

Valve, amplification by, 13 

Valve basing and electrode connections, 69 
Valve characteristic curves, 15-24 

cathode current characteristics of pen- 
tode, 16-17 
cathode loadlines, 29-30 
characteristics by curve tracer methods, 

119-120 
characteristics by pulse methods, 118-119 
characteristics, display of, 120 



Valve characteristic curves (continued) 
composite characteristics for push-pull 

amplifiers, 574-577, 581 

constant current curves, 22-23 

diode curves (detection and a.v.c), 1075, 1076 
dynamic characteristic of r.c. pentode, 

26-27, 72, 503-506 
dynamic characteristic of r.c. triode, 

25-26, 72, 491 
elliptical loadlines, 30-34, 64, 213 

G curves, 23 

grid current characteristics, 18-21 

grid loadlines, 20 

load line, 24, 58 

maximum plate dissipation curve, 550 

mutual characteristics, 17-18 

plate characteristics, pentode, tetrode, 15-17 
plate characteristics, triode, _ 15-17 

plate characteristics, triode connection, 

type 807, 1217 

rectifier, constant current, 1165, 1167-1169 
rectifier, constant voltage, 1165-1169 

rectifier, published, use of, 1165-1169 

screen characteristics, pentode, tetrode, 16-17 
static characteristics, 71, 72 

suppressor characteristics, 21-22 

transfer characteristics, 17 

with feedback, 390-399 

Valve characteristics (Chapter 2), 8, 13-67 
activation of cathode, 69 

amplification factor, 13, 72 

effective, with feedback, 311, 313, 314, 
315, 316 
graphical determination, 15, 16, 18 

arcing in rectifier valves, 100 

calculation of, other than published, 40-42 
capacitance grid-plate, 7 

capacitances, interelectrode, 73 

cathode current, total available average, 73 
cathode current, total available peak, 73 
cathode current — see also under Space 

current, 
cathode follower, equivalent charac- 
teristics, 318 
change in operating conditions, effect 

of, 42-44 

characteristic parameters, derived, 72 

conductance, definition, 14 

contact potential, general — see under 

Contact potential, 
contact potential (grid-cathode), 18, 20, 39, 

69, 70 
control during manufacture, 85-89 

conversion factors, 36-40, 57, 493, 511, 568 
conversion transconductance, defini- 
tions and basis of, 14, 109, 964-967 
distortion in — see under Distortion, 
drift of characteristics during life, 

23-24, 70, 84, 530, 533 
durchgriff, definition, 14 

dynamic characteristics of pentode, 

26-27, 72, 503-506 
dynamic characteristics of triode, 

25-26, 72, 491 
effect of heater voltage on characteris- 
tics, . 24 
emission, thermionic, 2, 3, 69 
equivalent electrode voltage, 71 
figure of merit for r-f amplifier valves, 927 
filament dissipation and temperature 

characteristic, 10, 11 

filament voltage/current characteristic, 10, 1 1 
filaments on a.c. supply, 6 

functional characteristics, basic, 70-73 

fundamental physical properties, 69-70 

gas current, 3, 19, 51 

gas pressure, 73 

grid blocking, 21, 84 

grid circuit resistance, maximum — 
see under Grid circuit resistance, 
maximum, 
grid current characteristics, 18-21 

grid current cross-over point, 19, 20 

grid current commencement point, 19, 84 
grid current, maximum negative, typical 
values, 101-102 
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Valve characteristics (continued) 

grid current, negative, 3, 19, 21, 51, 

101-102, 484, 488 
grid current, positive, 18, 21, 51, 484, 489 
grid current, positive, damping due to, 489 
grid emission, 3, 5, 20, 21, 51 

grid input admittance, 49-53 

see also Signal grid input admittance, 
grid input admittance, components of, 51-53 
grid input admittance, effects of, 917, 927-934 
grid input capacitance, 49-53 

grid input capacitance, components of, 51 
grid input conductance, 49-53, 929-932 
grid input circuit damping, 20 

grid input impedance, 49-53, 929 

grid input inductance, 49-53 

grid input loading at radio frequencies, 

928-934 
grid input reactance, 49-53 

grid input resistance, 49-53, 939-940 

grid input susceptance, 49-53 

grid temperature, 5 

grid variational conductance, 20 

heater dissipation and temperature 

characteristic, 10, 11 

heater/filament voltage, with reduced, 3, 73 
heater voltage, 3, 10 

heater voltage /current characteristic, 10, 11 
inductance of leads and electrodes, 

effects of, 46, 50, 51, 53, 930, 931, 932 
initial electron velocity of emission, 18 
input capacitance, change in, 927, 928, 

932-934 
input capacitance, effect of space charge 

on, _ 51 

input capacitances of pentodes, pub- 
lished values 56 
instability of electrical characteristics, 70 
insulation between valve electrodes, 

69, 70, 73 
interelectrode admittances, 49-57, 69, 70 

interelectrode capacitances, effect of, 

7, 46, 51, 53, 69 
interelectrode resistances, 69 

ionization current, 19 

leakage current, 19, 20, 51, 69i 70 

life, ultimate electrical, 70 

life, working, 3, 70, 121 

low plate currents, at, 65 

mathematical relationships, concern- 
ing, 57-65 
maximum negative grid current, typical 

values, 101-102, 788 

microphony, 73, 84, 786, 957-959, 1241-1242 
mu factor, definition, 14 

mu factors, interelectrode, 73 

mutual conductance, definition, 14 

mutual conductance, graphical deter- 
mination, 15, 16, 17 
noise, 4, 70, 73, 81, 782, 783, 784, 787, 788, 
935-942, 967-968, 972-973, 984 
perveance, definition, 14, 71 
photo emission, 2 
plate d.c. resistance, 14 
plate conductance, definition, 14 
plate current, 6 
plate resistance, effective, with feed- 
back, 311, 313, 314, 315, 316 
plate resistance, variational, 13, 14 
plate resistance, variational, definition, 14, 72 
plate to screen amplification factor, 35-36 
poisoning of emission, 2 
primary emission (other than cathode), 

19, 20, 21, 69, 71 
reduced heater /filament voltage, with, 3, 73 
references, 66, 125-127 

resistance of any electrode, definition, 14 
reverse grid current — see wider Negative 

grid current, 
screen to control grid, amplification 

factor, 35 

secondary emission, 2, 7, 8, 21, 39, 69, 71 
series expansion : valve with resistance 

load, 61-62 

short-circuit admittances, 69 

short-circuit feedback admittance, 50-55 



Valve characteristics (continued) 

short-circuit forward admittance, 50-55 
short-circuit input admittance, 50-55 

short-circuit input capacitance, change 

with transconductance, 55 

short-circuit input conductance, typical 

values of, 55 

short-circuit output admittance, 50-55 

signal grid input admittance, con- 
verter, 970, 973, 976-978, 980-981 

negative, 977, 985-986 

signal grid input conductance, con- 
verter, 976-978, 980-981, 982, 987-988 

negative, 976-978, 985-986 

signal grid input susceptance, con- 
verter, 976-978 

negative, 976-978 

space current, 70 

sputter in rectifier valves, 100 

stability of electrical characteristics, 69-70 
stability of mechanical construction, 69—70 
static characteristics, 71, 72 

suppressor characteristics, 21-22 

transadmittance, oscillator, 968 

transconductance, definition, 14 

transconductance, grid-plate, 14, 72 

see also Mutual conductance. 

transconductance, screen, 34 

transconductance, suppressor-screen, 

953-954 

transit time effects, 47, 50, 51, 69, 930-932, 

968, 971, 975, 980, 983, 985, 986 

triode amplification factor of pentodes, 35-36 

triode g__ of pentodes, 34 

m 

triode plate resistance of pentode, 36 

variational resistances, interelectrode, 73 
voltages, with respect to cathode, 5 

Valve coefficients, 13-14, 64-65 

Valve coefficients as partial differentials, 64-65 
Valve constants, 13-14 

Valve electrode supply voltages, 6 

Valve electrode voltages, datum point 

for, 2, 5, 80 

Valve electrode voltages, definition, 6 

Valve electrodes supplied through series 

resistance, 70 

Valve equivalent circuits, 45-47, 53-55, 59, 

63, 512 
Valve factors, 13-14 

Valve gettering, 4, 69, 70 

Valve networks, general case, 64 

Valve numbering systems, 10-12 

Valve pin straightener, _ 80 

Valve ratings and limiting effect on 

operation, 75-80, 85 

capacitances, interelectrode, 75 

characteristics usually rated, 75-77 

electrode potentials, datum point for, 2, 80 
general electrical ratings, 75 

general mechanical ratings, 75 

grid bias for a.c. or d.c. filament ex- 
citation, 6, 80 
grid voltage limits, 79-80 
heater or filament voltage, 77, 78, 79 
heater to cathode voltage, maximum, 75, 81 
limiting ratings, 75 
maximum average cathode current, 75 
maximum electrode dissipations, 75, 1249 
maximum grid circuit resistance — see 
under Grid circuit resistance, maxi- 
mum, 
maximum peak cathode current, 75 
maximum peak inverse voltage, 75 
maximum ratings, _ 9, 75, 77-80 
maximum ratings, interpretation of, 77-80 
rating systems, 77-80 
absolute maximum system, 9, 77 
design-centre system, 9, 77-80 
ratings for a.c. or d.c. power line opera- 
tion, 78, 79 
ratings for battery filament types, 79-80 
ratings for dry-cell battery operation, 78, 79 
ratings for indirectly-heated types, 78-80 
ratings for rectifiers, 1163-1164 
ratings for storage battery operation, 78, 79 
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Valve ratings and limiting effect on 
operation (continued) 
screen voltage supply, 79 

specific additional electrical ratings 

applied to particular types, 76-77 

tolerances in characteristics, 9, 15, 88 

typical operating conditions, 80 

Valve sockets, connections to, 80, 81 

Valve test specifications 

basic manufacturing test specification, 85 
characteristics, 75-77, 85, 86 

see also under Valve ratings, 
grid current, negative, typical values, 101-102 
life test, 75, 85 

mechanical and electrical tests, 85 

quality control, 85 

ratings — see under Valve ratings. 
Valve vectors, 47-49 

Valve wiring jig, 80 

Valves for use in pre-amplifiers, 786-788 
Valves, fundamental physical properties 

of, 69-70 

Valves, glass-based, sockets and connec- 
tions for, 80, 81 
Valves, hum due to conditions within, 

81, 84, 540, 1196-1198 
Valves, in magnetic field, hum with, 

785. 786, 788, 1198 
Valves in receiver, position of, 957 

Valves, low noise types, 786-788 

Valves, mounting position for, 4, 80 

Valves, recommended practice and opera- 
tion, 80-84 
Valves, soldering into wiring, 81 
Valves, stand-by operation of, 84 
Valves, testing of (Chapter 3), 68-127 
acceptance testing, 120 
admittance, short-circuit feedback, 117 
admittance, short-circuit forward, 117 
admittance, short-circuit input, 113-117 
admittance, short-circuit output, 117 
amplification, sue, 74, 105, 124 
amplification factor, 74, 104, 113 
back emission, 74, 100 
basis of testing practice, 68, 84 
beam tetrode characteristics, specific, 101-108 
blocking, 107-108, 113 
capacitances, interelectrode, tests for, 

73, 95-99 
characteristics by curve tracer methods, 

119-120 
characteristics by display, 120 

characteristics by pulse methods, 118-119 
control of characteristics during manu- 
facture, 85-89 
conversion stage gain, 74 
conversion transconductance (mixer), 

74, 109-111, 124 

converter characteristics, specific, 108-113 

methods of operation, 108-109 

oscillator driven, 109 

oscillator self-excited, 108-109 

static operation, 109 

dimensions, physical, 91 

diode characteristics, specific, 99-101 

diode plate current, zero signal, 100 

display of valve characteristics, 120 

dissipation of electrodes, 108 

distortion in power amplifier valve, 106-107 

electrode continuity, 73, 91-93, 123 

emission, 73, 94-95, 123 

emission-dependent dynamic test, 73 

filament voltages, lowest used for testing 

battery valves, 1313 

fundamental characteristic tests, 73-75 

fundamental physical properties, 69-70 

gas current, 101, 102 

grid current, commencement voltage, 

test for, 73, 102, 109 

grid current, negative (reverse) 

tests for, 73, 101-102, 109, 124 

typicai maximum values in new 

valves, 101-102 

grid current, positive, tests for, 73, 102 

grid emission (primary), 101, 102 

grid emission (secondary), 102 



Valves, testing of (continued) 

grid leakage current, hot and cold, 101, 102 
heater or filament current, 93-94 

heater to cathode leakage, 73, 94, 123 

hexaphase shorts and continuity test, 91-93 
interelectrode insulation resistance, 

73, 94, 102 
life test end points, 88-89 

life tests, 75, 85, 87-88 

methods of testing characteristics, 89-120 

general conventions, 90-91 

microphony, 74, 107, 113, 121 

mixers (frequency changers), 109-113 

mixer conversion transconductance, 

74, 109-111, 124 

mixer plate resistance, 111 

mixer transconductance, 111 

mutual conductance (transconductance 

grid-plate), 74, 103-104, 113, 123, 124 
noise, valve, 74, 107, 113, 124 

open-circuited electrodes, 73, 91-93, 123 
oscillator characteristics, 113 

oscillator grid current, 74, 111-112 

oscillator performance, 111-112 

oscillator transconductance, 74 

pentode characteristics, specific, 101-108 
perveance of diode, 117-118 

perveance of triode, 118 

physical dimensions, 91 

plate conductance, 124 

plate current commencement, 74 

plate resistance, 74, 104-105, 111, 113 

positive voltage electrode currents, 

103, 109, 113 
power output, 74, 105-106, 124 

power output, Class B amplifier 106 

preheating before testing, 91, 101, 125 

rectification (operation) power diodes, 

74, 99-100 

rectification, signal diodes, 100 

reduced heater voltage, dynamic tests 

at, 74-75 

references, 125-127 

service testers, a.c. versus d.c. test 

voltages, 124 

service testers, characteristics which 

should be tested, 122 

service testers, methods of testing in, 123-125 
service testers, types of commercial 122-123 
service testing and service tester prac- 
tice, 121-125 
short-circuits, interelectrode, 73, 91-93, 123 
special characteristics, 113-118 
stage gain, 74, 108 
statistical sampling, 86 
systematic testing, 86-88 
' design tests, 87 
life tests, 87-88, 88-89 
production tests, 86-88 
recorded readings, 87 
warehouse tests, 88 
transconductance, grid-plate (mutual 

conductance), 74, 103-104, 113, 123, 124 
triode, pentode and beam tetrode 
characteristics, specific, 101-108 

Valves, types of 

beam power valves, 8 

combined valves, 8 

component parts of, 4-6 

diodes, 6-7 

heptodes, 8-9 

hexode^, 9 

introduction to, references, 12 

kinkless tetrodes, 8 

low noise, 786-788 

pentagrid converters, 8, 963 

pentodes, 7-8 

tetrodes, 7 

triode-heptode, 8, 963 

triode-hexode, 8, 963 

triodc-pcntOuc, 8 

triodes, 7 

twin triodes, 8 

vacuum, types of, 4, 6-9 

Valves, when to replace, 121 
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Variable composition resistors, character- 
istics of, 191, 1356 
Variable, definition, 1403 
Variable, dependent, 279 
Variable, independent, 279 
Variable-mu pentodes — see under Pen- 
todes, remote cut-off. 
Variable selectivity i-f amplifiers, 1048-1050 
Variables in algebra, 265 
Variables, three, graphical representation, 281 
Variation (in algebra), 262 
Variation, oscillator frequency, causes of, 

950, 955-956 
due to supply voltage changes, 949, 953, 955 
Variational, definition, 1403 

Variational grid resistance, minimum, 

Class B 2 , 590 

Vector, definition, 1403 

Vector diagram, 138, 143 

Vector quantities, 139, 140, 285-287 

Vectors, addition and subtraction, 282 

Vectors and j notation, 282-284 

Vectors, complex algebra with polar co- 
ordinates, 286-287 
Vectors, complex algebra with rectangular 

coordinates, 285-286 

Vectors, components of, polar, 283 

Vectors, components of, rectangular, 283 

Vectors, conversion from complex to polar, 

283, 287 
Vectors, exponential form, 287 

Vectors, multiplication of, 282 

Vectors, negative, 282 

Vectors, radius, 283 

Vectors, rotating (j notation), 283-284 
Vectors, scalar product of two, 282 

Vectors, valve, 47-49 

Velocities, recorded, measurement of, 729 
Velocity, angular, 278 

Velocity, critical, in recording, _ 704, 708 
Velocity of electromagnetic radiation, 

424, 1376, 1396 
Velocity of emission, initial electron, 18 

Velocity of propagation along transmission 

lines, 891 

Velocity of propagation of a wave, 403 

Velocity of sound, 872 

Velocity of stylus tip, transverse, 702-703 
Velocity operated microphones, 775 

Velocity recording, constant, 703-704, 727 
Velocity, reference acoustical, 826 

Velocity ribbon microphones, 775, 779 

Velocity trip in record changers, 705-706 

Vented baffle loudspeaker, 845-850, 1479 

Ventilation of equipment, 81, 1249 

Versine of an angle, 278 

Vertical aerials, 892, 893, 895, 896, 901, 904, 
907, 909-910 
Vertical and horizontal aerials, com- 
parison between, 895, 896 
Vertical recording, 701 
Very small compared with, definition, 1403 
Vibration of valves, 70, 81 
Vibration of walls, effects of, 864 
Vibrator power supplies (Chapter 32), 

1202-1212 

basic types, 1202-1203 

interrupter (non-synchronous), 1202-1203 
reversible self rectifying, 1203-1204 

self-rectifying (synchronous), 1203, 1204 
split-reed synchronous, 1204 

choice of vibrator, 1203-1204 

coil energizing, 1204 

separate driver system, 1204 

shunt coil energizing, 1204 

general principles, 1202-1205 

hash elimination, 1210-1211, 1270-1272, 
1275-1276 
on (and off) contact time, 1205 

operation, 1202 

references, 1212 

standards for vibrators for auto radio, 1205 
standards for vibrator power trans- 
formers, 1207 
time efficiency, 1205 



Vibrator power supplies (continued) 

timing capacitance, 1207-1209 

calculation of timing capacitance, 

1207-1208 
effect of flux density on capacitance, 

1208-1209 
percentage closure, 1208 

typical vibrator power supply circuit, 1211 
vibrator interference, elimination of, 

1210-1211 
vibrator-powered receivers, design of, 

1270-1272 
vibrator transformer design, 1205-1207 

waveform and time efficiency, 1205 

12, 24 and 32 volt vibrator supplies, 

1211-1212 
Vinyl discs, characteristics of, 705, 706-709, 

769-771 
Virtual cathode, 3, 70, 71, 973, 978, 986 

Voice coil, definition, 1403 

Voice coil impedance for radio receivers, 

loudspeaker standard, 874 

Voice coil impedance for sound equip- 
ment, loudspeaker standard, 883 
Volt, 1332, 1333 
Volt-amperes, reactive, 144 
Voltage, absolute, expressed in decibels, 808 
Voltage amplifiers, a-f (Chapter 12), 481-543 

see also under Amplifiers, a-f, voltage. 
Voltage and current, 128-130 

Voltage divider, screen supply of r.c.c. 

pentode from, 506 

Voltage dividers — see under Potential 

dividers. 
Voltage doubler, 1174, 1175, 1178, 1186-1187 
Voltage, effect on resistance of composi- 
tion resistor, 188. 1345 
Voltage expressed in decibels (dbv), 776, 808 
Voltage feedback — see under Feedback. 
Voltage indicators, peak reading, 119 
Voltage multiplying rectifiers, 1186-1188 
Voltage quadruples _ 1187-1188 
Voltage regulator valve to give good 

oscillator frequency stabiSty, 955 

Voltage regulators, 1214-1222 

gaseous tube types, 1214-1215 

valve types, 1215-1222 

as plate supplies for a-f amplifiers, 537 

Voltage tripler, 1187 

Voltmeters, method of determining no 

load voltage, 163-164 

Volume compression and limiting, 

679-681, 681-684 
compression characteristics, 682, 684 

compression of commercial speech, 684 

distortion caused by peak limiters or 

volume limiters, 681, 683 

introduction, 679-681 

noise peak and output limiters, 694-699 
instantaneous noise peak limiters, 694-698 
output limiters, 698-699 

peak limiters, 679, 682-683 

peak limiters, definition, 681 

public address audio a.v.c, 693 

references, 699-700 

speech clippers, 693-694 

volume compression, 679, 683-684 

volume compression plus limiting, 684 

volume compressors, definition, 681 

volume limiters, 683 

volume limiters, definition, 681 

Volume controls, 794 

characteristics of potentiometers, 191, 1356 
Volume effect, minimum, in reflex re- 
ceivers, 1141, 1142 
Volume expansion, compression and limit- 
ing (Chapter 16), 679-700 
compression, 679-681, 681-684 

see also under Volume compression. 

distortion in, 681, 683 

effect on noise, 679, 763 

gain control devices, 684-686 

lamps, 685 

negative feedback, 685 

pentagrids and triode hexodes, 685 

pentodes, remote cut-off, 684 

plate resistance control, 685 

suppressor-grid control, 686 
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Volume expansion, compression and 
limiting (continued) 
general principles, 679-681 

ideal system, 680 

limitations of, 679-680 

references, 699-700 

volume expanders, 686-692 

desirable characteristics, 686 

electronic methods, two groups of, 686 
incorporating feedback, 688 

incorporating lamps, 687-688 

lamp-controlled feedback, 688 

incorporating plate resistance control, 

692-693 
incorporating remote cut-off pen- 
todes, 688-689 
incorporating remote cut-off triodes, 689 
incorporating suppressor-grid con- 
trolled pentodes, 689-690 
incorporating valves with five grids, 

691-692 

tone control, relative position of, 686 

volume expansion, 679 

effect on background noise, 679 

practical problems, 680-681 

Volume indicators, 823-824 

see also under Volume units. 
Volume level and peak acoustical power, 

difference between, 623 

Volume levels, preferred listening, 623 

Volume range and hearing, 620-621 

see also Dynamic range. 
Volume range broadcast or recorded, 624 
Volume range in musical reproduction, 623-624 
Volume range of sound reproducer, maxi- 
mum, 679 
Volume units, 776, 824 
reference volume, 824 
see also under Volume indicators, 
vu, 823, 824 
Volume, units of, 1329 
vu, 823, 824 



w 



Warping, effect of record, 760-761 

Watt, measure of power, 1332, 1333 

Watt-second, 133 

Wattless power, 144 

Wave analyser, 1299 

Wave antenna, 908 

Wave motion, 403-404 
Wave propagation, electromagnetic, 404, 901 

Wave, sky (space), 404, 896, 897 

Wave, surface, 896, 897 

Wave tilt, 908 

Waveform, cosine, 278 

Waveform of vibrator, 1205 

Waveform, pulse, 130, 302 

Waveform, rectified sine, 130, 302 

Waveform, saw-tooth, 130, 301 

Waveform, sine, 129, 130, 278 

Waveform, sine, distorted, 130 
Waveform, square, 130, 301, 870, 1324 

Waveform, standard a.c, 130 

Wavelength, 403 
Wavelength-frequency conversion table, 1362 

Wavelength in cables, 891 



Wavelength vs. frequency for record 

modulation, 708 

Wavelength vs. frequency on records, 708 
Wavelengths of electromagnetic radia- 
tion, 404, 424, 1363 
Waves, cosmic radiation, wavelengths of 

404, 1363 
Waves, electromagnetic, introduction to, 

403-404 
Waves, gamma rays, wavelengths of, 404, 1363 
Waves, Hertzian, wavelengths of, 404 

Waves, light, wavelengths of, 404, 1363 

Waves, longitudinal, 403 

Waves, sound, 403 

Waves, transverse, 403, 404 

Waves, water, 403 

Waves, X rays, wavelengths of, 404, 1363 
Wear, record, 706, 712-713, 12% 769 

Wear, stylus, method for giving positive 

indication of, 714 

Wear, stylus, sapphire, 713-714 

Weber, 1332, 1333 

Weber per square metre, 1332, 1333 

Weights of common materials, 1375 

Wheeler networks, 368, 377 

Wheeler's formula for inductance of short 

coils, 443 

Wheeler's formula for inductance of 

solenoid, 432 

Whistle filters, 673-676 

Whistle, heterodyne, 1303 

Whistle interference, 954 

Whistle interference in A-M receivers, 

tests for, 1304-1305 

Whistles, tests for, 1304, 1305 

White noise, 619 

Whitworth screw threads, 1389 

Wide angle tuning with electron ray 

tuning indicator, 1134 

Williamson amplifier, new, 745-751 

A515 version, 346-347 

output transformer specifications, new, 748 
output transformer specifications, ori- 
ginal, 346-347 
Windings of a-f transformers, mixing, 221-223 
Windings of a-f transformers, random, 223-227 
Windings of i-f transformers, direction of, 458 
Wire tables, 1408-1417 
bare copper, 1408-1411 
insulated copper, 1410-1413, 1416, 1417 
resistance wire, 1414-1415 
Wirewound resistors, characteristics of, 

186, 1346-1347 
Wiring, chassis, colour code, 1343-1344 

Wiring jig, valve, 80 

Wood screws, 1391 

Work function, definition, 1403 

Work, units of, 1332 

Wow, 626, 705, 760, 1312 



X 



X rays, wavelengths of, 



Zero signal, definition, 
Zero temperature, absolute, 



404, 1363 
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CHAPTER 1 ADDITIONAL REFERENCES 

11 A. Metson, G. H., S. Wagener, M. F. Holmes and M. R. Child " The life of oxide cathodes in modern 

receiving valves " Proc. I.E.E. 99. Part III 58 (March 1952) 69. 
11B. Nergaard, L. S. " Studies of the oxide cathode" R.C.A. Rev. 13.4 (Dec. 1952) 464. 

CHAPTER 2 ADDITIONAL REFERENCES 

B23. Williams, L. E. " Space-charge reactance tube " Elect. 25.6 (Jun$ 1952) 166. 

CHAPTER 3 ADDITIONAL REFERENCES 

94. Kuder, M. L. "Electron tube curve generator" Elect. 25.3 (March 1952) 118. 

95. Smith, G. " Two bridges for measuring valve parameters " Electronic Eng. 24.289 (March 1952) 
127. 

96. Foster, B. C. " A simple valve comparator " Electronic Eng. 24.291 (May 1952) 220. (Simple 
form of display comparator). 

97. Brewer, R. " Radio valve life testing " Proc. I.E.E. 98. Part III 54 (July 1951) 269. 

98. Heins, A. J. " Dynamic measurements on receiving valves " J. Brit. I.R.E. 12.1 (Jan. 1952) 63. 

99. Metson, G. H., S. Wagener, M. F. Holmes and M. R. Child " The life of oxide cathodes in modern 
receiving valves " Proc. I.E.E. 99. Part III 58 (March 1952) 69. 

100. Terman, P. E., and J. M. Pettit (book) " Electronic Measurements " McGraw-Hill Book Com- 
pany, 2nd ed. 1952, pp. 289-310. 

101. Flanagan, J. L. " Vacuum tube testers " Elect. 25.6 (June 1952) 139. 

102. Rowe, E. G. "Technique of trustworthy valves " Proc. I.R.E. 40.10 (Oct. 1952)1166. 

103. Acheson, M. A., and E. M. McElwee " Concerning the reliability of electron tubes " Proc. I.R.E. 
40.10 (Oct. 1952) 1204. 

104. Knight, C. R. and K. C. Harding " General considerations in regard to specifications for reliable 
tubes " Proc. I.R.E. 40.10 (Oct. 1952) 1207. 

105. Koch, D. G. " Increasing tube reliability in industrial circuits " Product Engineering. McGraw- 
Hill Publishing Co., 23.6 (June 1952) 175. Reprinted in Radiotronics 18.1 (Jan. 1953) 14. 
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A34. Howes, J. W. " The characteristics and applications of thermally sensitive resistors or thermistors " 

Proc. I.R.E. Aust. 13.5 (May 1952) 123. 
A35. Hooper, C. K. " Stability characteristics of standard composition resistors" Tele-Tech 11.9 

(Sept. 1952) 88. 
A36. Paul, F. A. " Resistor temperature coefficients " Tele-Tech 12.1 (Jan. 1953) 52. . 
B18. Maxwell, J. W. "New low-temperature capacitors — electrolytic types for operation to — 55° C" 

Tele-Tech 11.6 (June 1952) 53. 
B19. Davidson, R. " R.F. characteristics of capacitors" W.W. 58.8 (Aug. 1952) 301. 

CHAPTER 5 ADDITIONAL REFERENCES 

A12. " The magnetic properties of the nickel-iron alloys " Mond Nickel Co. Ltd. London, 2nd ed. 

(June 1950). 
C35. Crowhurst, N. H. "Measuring up an audio transformer" Audio Eng. 36.11 (Nov. 1952) 24. 
C36. Ayres, W. R. " Power and voltage amplifiers" Audio Engineering Society Lecture No. 2 (17 

January 1952). 
C37. Morris, A. L. " Tape wound magnetic cores " Electronic Eng. 24.295 (Sept. 1952) 416. 
C38. Crowhurst, N. H. " How good is an audio transformer ? " Audio Eng. 36.3 (March 1952) 20. 
C39. Crowhurst, N. H. " Making the best of an audio transformer " Audio Eng. 37.1 (Jan. 1953) 40. 
C40. Crowhurst, N. H. " Audio transformer design " Audio Eng. 37.2 (Feb. 1953) 26. 

CHAPTER 7 

SECTION 7 : OVERLOADING OF FEEDBACK AMPLIFIERS 

ON TRANSIENTS 

Negative-feedback amplifiers often distort a signal, such as a pulse, which changes 
rapidly with time, although the amplitude of the signal is less than that required to 
overload the amplifier when the rate of change of the signal is small. This is because 
the feedback voltage changes more slowly than the input voltage, with the result that 
the voltage applied to the grid of one of the valves becomes large enough to drive it 
into grid current or beyond cut-off. 

The case of a cathode follower with a capacitive load has been covered in Sect. 2(i)(Y) 
page 327. 

The design of single-stage, two- and three-stage resistance-coupled amplifiers is 
covered in Ref. J3, with curves, of which the following is a summary. In single stage 
amplifiers the magnitude of signal required to overload the valve decreases as the 
rise-time of the signal is reduced. In two-stage amplifiers, the voltage applied to 
the first valve increases as the rise-time of the signal is reduced, but only if the gain 
of the amplifier is very small is it possible for the first valve to be overloaded by a 
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signal which does not also overload the second valve. The second valve is, therefore, 
normally the first to overload. If the time-constant of the first stage is sufficiently 
large compared with that of the second stage, the input signal required to overload 
the second valve does not decrease as the rise-time of the signal is reduced. In three- 
stage amplifiers, the voltage applied to the third stage is never greater for a quick 
change than for a slow change. Therefore, if the first two stages are designed not 
to overload, the signal required to overload the amplifier is as large when it changes 
quickly as when it changes slowly. 
See also Ref. J10. 

CHAPTER 7 ADDITIONAL REFERENCES (J) 

Jl. Shimmins, A. J. " Cathode follower operation — transient and steady-state performance with a 
capacitive load " W.E. 29.345 (June 1952) 155 ; letter H. H. Adelaar 30.2 (Feb. 1953) 49. 

J2. MacDiarmid, I. F. (letter) " Cathode-coupled amplifier " W.E. 29.345 (June 1952) 169. 

J3. Flood, J. E. " Negative feedback amplifiers, overloading under pulse conditions " W.E. 29.347 
(Aug. 1952) 203. 

J4. Thomas, A. B. (letter) " Non-linearity in feedback amplifiers " Proc. I.R.E. 37.5 (May 1949) 531. 

J5. Shimmins, A. J. " Cathode follower performance " W.E. 27.327 (Dec. 1950) 289. 

J6. Mills, B. Y. " Transient response of cathode followers in video circuits " Proc. I.R.E. 37.6 (June 
1949) 631. 
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1951) 231. 
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back amplifiers of desired amplitude frequency characteristics " (p. 384) deals with maximal and 
optimal flatness, based on Flood's maximal flatness.) 

J9. Baer, R. H. " Cathode-follower response— Chart " Elect. 23.10 (Oct. 1950) 114. 

J 10. Roddam, T. " Calculating transient response " W.W. 58.8 (Aug. 1952) 292. (Based on thesis 
by G. F. Floyd of M.I.T. and covers overloading in feedback amplifiers on transients.) 

Jll. Bell, D. A. " Amplifier frequency response— effect of feedback " W.E. 29.344 (May 1952) 118; 
29.349 (Oct. 1952) 281. 

J12. Bell, D. A. " Cathode follower as high-impedance input stage " W.E. 29.351 (Dec. 1952) 313. 

J13. Colls, J. A. " D.C. amplifiers with low-pass feedback " W.E. 29.351 (Dec. 1952) 321. 

J 14. Miller, E. J. " A stable, high quality, power amplifier" Electronic Eng. 24.294 (Aug. 1952) 366. 

J 15. Garner, L. E. " Improving amplifier response " Elect. 25.9 (Sept. 1952) 213. Letter H. L. Arm- 
strong 25.11 (Nov. 1952) 432. 

J 16. Wilson, J. " Design of the complete amplifier system " Audio Engineering Society Lecture No. 4 
(1952). 

J 17. Crowhurst, N. H. " Audic Handbook No. 2 — Feedback " Norman Price (Publishers) Ltd. England, 
1952. 

J18. Hekimian, N. C. " Chart speeds design of feedback amplifiers " Elect. 25.9 (Sept. 1952) 153. 

J 19. Anspacher, W. B. " Miniaturizing pentode amplifiers by positive feedback " Proc. National Elec- 
tronics Conference 6 (1950) 103. 

CHAPTER 11 ADDITIONAL REFERENCES 

A31. Tucker, J. P. " Powder metal IF cores " TV Eng. 2.10 (Oct. 1951) 22. 

A32. " Ferroxcube " Philips Tec. Com. 4 (1952) 3. 

A33. L atimer. K. E., and H. B. MacDonald " A survey of the possible applications of ferrites " Com- 
munication News (Philips Telecommunication Industries, Hilversum, Holland) 11.3 (Sept. 1950) 
76 ; reprinted in Philips Tec. Com. 4 (1952) 13. 

A34. Wessels, P. S. " Design of slug-tuned superheterodyne receivers " Elect. 25.11 (Nov. 1952) 176. 

A35. Champion, D. F. W., and E. G. Wilkins " Magnetic powder cores — manufacturing techniques 
and applications in radio and telephony " W.W. 59.2 (Feb. 1953) 83. 

CHAPTER 12 ADDITIONAL REFERENCES 

A17. Ayres, W. R. " Power and voltage amplifiers " Audio Engineering Society Lecture (17 Jan. 1952). 
D42. McDonald, D. " Constant current d-c amplifier " Elect. 25.7 (July 1952) 130. 

CHAPTER 13 ADDITIONAL REFERENCES (H) 

HI. Peterson, A. P. G. " A new push-pull amplifier circuit " G.R. Exp. 26.5 (Oct. 1951) 1. 

H2. " Single-ended push-pull amplifier " W.W. 58.5 (May 1952) 203. 

H3. Brociner, V., and G. Shirley "The OTL (output-transformer-less) amplifier" Audio Eng. 36.6 
(June 1952) 21. See also W. H. and J. R. Coulter ; L. Bourget, 36.9 (Sept. 1952) 10, 14. 

H4. Moir, J. "Review of British amplifiers" FM-TV 11.10 (Oct. 1951) 30. 

H5. Hafler, D., and H. I. Keroes " Ultra-linear operation of the Williamson amplifier " Audio Eng. 
36.6 (June 1952) 26. See also Refs. C7, H6. 

H6. Williamson, D. T. N., and P. J. Walker " Amplifiers and superlatives — an examination of Ameri- 
can claims for improving linearity and efficiency " W.W. 58.9 (Sept. 1952) 357. See also Ref. H5. 

H7. Sarser, D., and M. C. Sprinkle "Musician's amplifier" Audio Eng. 33.11 (Nov. 1949) 11. 

H8. Sarser, D., and M. C. Sprinkle " Musician's amplifier senior " Audio Eng. 35.1 (Jan. 1951) 13. 

H9. Sarser, D., and M. C. Sprinkle " The Maestro — z POWER amplifier " Audio Eng. 36.11 (Nov. 

1952) 19. Gives output 80 watts at 2% intermodulation. *" ' 

H10. Beaumont, J. H. " Williamson type amplifier using 6A5's " Audio Eng. 34.10 (Oct. 1950) 24. 
Hll. Hafler, D., and H. I. Keroes "An ultra-linear amplifier" Audio Eng. 35.11 (Nov. 1951) 15. 
See also Ref. H5. 
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H12. Kiebert, M. V. "The Williamson tvpe amplifier brought up to date" Audio Eng. 36.8 (Aug. 

1952) 18. 
H13. Miller, E. J. " A stable, high quality, power amplifier " Electronic Eng. 24.294 (Aug. 1952) 366. 
H14. Werner, C. L., and H. Berlin " New medium-cost amplifier of unusual performance " Audio Eng. 

36.11 (Nov. 1952) 30. 
H15. Williamson, D. T. N. " High quality amplifier modifications " W.W. 58.5 (May 1952) 173. 
H16. " Leak Point One Amplifiers " booklet by H. J. Leak and Co. Ltd., Brunei Road, Westway 

Factory Estate, London, W.3. 
H17. Pullen, K. A. " Using conductance curves in electronic circuit design " Proc. National Electronics 

Conference Vol. 6 (1950) 112. 

CHAPTER 14 ADDITIONAL REFERENCES 

A56. Schjelderup, J. R. "A proposed solution to the loudness control problem" Audio Eng. 36.9 

(Sept. 1952) 34. 
A57. Robbins, J. G. " The acoustic significance of the amplitude and phase of harmonics present in 

a source of sound in a room " J. Acous. Soc. Am. 24.4 (July 1952) 380. 
B23. Berth- Jones, E. W. " Intermodulation distortion — its significance and measurement" Jour. Brit. 

I.R.E. 13.1 (Jan. 1953) 57. 
D20. Conference on speech analysis, Acoustical Society of America, J. Acous. Soc. Am. 24.6 (Nov. 

1952) 581-642 (10 papers). 

CHAPTER 15 ADDITIONAL TONE CONTROL CIRCUIT 

(see page 669) 



TO PLATE OF 
PREVIOUS VALVE 



68 KA (ADEQUATELY SMOOTHED) 
-pWWV^-f + 250 V 



FIG. IS.S7C 




Fig. 15.57C. Tone control circuit. Tolerances R t , R 2 , C 1} C 2 , R 3 , C 3 ± 5%. P t 
and P 2 are linear potentiometers, P 2 having a fixed tapping at 50% rotation. The 
source impedance should not be more than 10,000 ohms. C 4 should normally be 0.05 fiF 
if following stage has 0.25 MQ grid leak (Ref. 91). Type 6AU6 could be used as sub- 
stitute for the type shown, with suitable values of cathode and screen resistors, to give 
an output of about 2 V r.m.s. 




100 1,000 

FREQUENCY (C/S) 



Fig. 15.57D. Measured frequency response curves of circuit of Fig. 15.57C. Labels 
on curves are resistance values between potentiometer slider and centre of element. Dotted 
curves are with P 2 centre-tap disconnected from earth (Ref. 91). 
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CHAPTER 15 ADDITIONAL REFERENCES 

91. Baxandall, P. J. " Negative feedback tone control — independent variation of bass and treble 
without switches" W.W. 58.10 (Oct. 1952) 402. Correction 58.11 (Nov. 1952) 444. 

92. Douglas, G. A. " Simplified equalizer design — charts and tables to reduce complication and con- 
struction hints to ease building " Audio Eng. 36.12 (Dec. 1952) 18. 

93. " The 'Vari-Slope' Pre-amplifier " H. J. Leak and Co. Ltd., Brunei Road, Westway Factory Estate, 
Acton, London, W.3. Uses modified twin-T resistor-capacitor networks in negative feedback 
loops to give continuously-variable slope of attenuation characteristic (from 5 db to 50 db over the 
octave immediately following the cut-off frequency), and choice of two cut-off frequencies. 

CHAPTER 16 ADDITIONAL REFERENCES 

88. Pope, G. J. " Design for a constant volume amplifier " Electronic Eng. 24.296 (Oct. 1952) 464. 
Letters B. D. Corbett and G. J. Pope, 24.298 (Dec. 1952) 580. 

89. Roberts, D. E., Volume compressor, U.S. Patent 2,596,510. See R. H. Dorf " Audio patents " 
Audio Eng. 36.12 (Dec. 1952) 2. 

CHAPTER 17 : DISCS AND STYLI 

(Continued from page 709) 

(D) R.C.A. 45 r.p.m. Extended Play (EP) records 

These records have a maximum playing time of 7.9 minutes and the following 
characteristics : 

Grooves per inch, normal max. 300 

Peak recording velocity 14 cm /sec. 

Diameter innermost music groove 4£ in. min. 

Groove width 2.5 to 3.0 mils 

Minimum permissible groove width 2.2 mils 

The lead-out groove is reduced in length due to the smaller ending diameters. 
All other factors (except intermodulation distortion and groove velocity) as shown 
on pages 708 and 709. For shorter selections (3 to 4 minutes or so) the number of 
grooves per inch is selected to bring the last music groove to 4.875 inches, and the 
lead-out groove is as described on pages 708 and 709. For longer selections the 
number of grooves per inch is gradually increased and maximum recording diameter 
decreased simultaneously to the limiting values stated above. 

CHAPTER 17 ADDITIONAL REFERENCES 

318. Godfrey, J. W. and S. W. Amos (book) " Sound Recording and Reproduction " (B.B.C.) Iliffe 
and Sons Ltd., London, 1952. 

319. Williamson, D. T. N. " High quality amplifier modifications " W.W. 58.5 (May 1952) 173. 

320. " What is a recording characteristic " W.W. 58.5 (May 1952) 178. 

321. Kelly, S. " Further notes on thorn needles " W.W. 58.6 (June 1952) 243. 

322. Rabinow, J., and E. Codier " Phonograph needle drag distortion " J. Acous. Soc. Am. 24.2 (March 
1952) 216. 

323. New method of noise reduction which knows what noise is present — John M. Miller Jr. (assigned 
to Bendix Aviation) U.S. Pat. 2,589,723. See summary R. H. Dorf " Audio Patents " Audio 
Eng. 36.7 (July 1952) 2. 

324. Bauer, B. B. " The wear of phonograph needles " Trans. I.R.E. Professional Group Audio (Nov. 
1951). 

325. Reiskind, H. I. " Design interrelations of records and reproducers " Trans. I.R.E. Professional 
Group Audio, PGA-5 (Feb. 1952) 1. 

326. Moir, J. " Review of British amplifiers " FM-TV 11.10 (Oct. 1951) 30. Gives circuits of Acoustical 
pre-amplifier and QUAD main amplifier. 

327. Beggs, G. E. "Precision pre-amplifier" Elect. 25.7 (July 1952) 121. 

328. Kiebert, M. V. " A pre-amplifier switching and equalizing unit for critical listening " Audio Eng. 
36.9 (Sept. 1952) 21. 

329. Voigt, P. G. A. H. " Some pickup design considerations " Audio Eng. 36.10 (Oct. 1952) 64. 

330. Shirley, G. " Danger ! worn needles " High Fidelity 1:4 (Spring 1952) 28. 

331. McLachlan, K. R., and R. Yorke " Objective testing of pickups and loudspeakers " J. Brit. I.R.E. 
12.9 (Sept. 1952) 485. 

332. Bixler, O. C. " A commercial binaural recorder " Jour. S.M.P.T.E. 59.2 (Aug. 1952) 109. 

333. Markow, E. W. " Record improvement with H-F cut-off filters " Audio Eng. 36.11 (Nov. 1952) 27. 

334. Cook, E. " Recording binaural sound on discs " Tele-Tech 11.11 (Nov. 1952) 48. 

335. Cook, E. " Binaural disks " High Fidelity 2.3 (Nov. -Dec. 1952) 33. 

336. John, R. S. " Constant amplitude pickup compensation " Radio Electronic Engineering (April 
1951) 10A. 

337. " Elements and Practice of Sound Recording." Lectures presented by the New York Chapter 
of the Audio Engineering Society (Nov. 10, 1949 to Feb. 23, 1950). 

1. Psychoacoustical aspects of the recording problem, (A) H. F. Olson, (B) W. B. Snow. 
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2. The recording process — a survey, (A) C. J. Le Bel, (B) C. R. Sawyer. 

3. Disc recording — lathes, recording heads, reproducers, (A) T. Lindberg, (B) N. C. Pickering. 

4. Disk recording — characteristics, distortion, lacquers, styli, (A) H. E. Roys, (B) E. Cook. 

5. Disc recording — test procedures and processing, (A) F. W. Roberts, (B) K. R. Smith, 
and others on magnetic and film recording etc. 

338. Carlson, E. V. " A ceramic vibration pickup " Trans. I.R.E. — PGA PGA-10 (Nov. -Dec. 
1952) 2. 

CHAPTER 18 ADDITIONAL REFERENCES 

A31. Staff of B.B.C. " Microphones " Iliffe and Sons Ltd. (1952). 

A32. Anderson, L. J. " Pressure microphone for TV and broadcast-service " Tele-Tech 12.1 (Jan. 1953) 

58. 
A33. Bauch, F. W. O. "New high-grade condenser microphones" — Neumann types, W.W. 59.2 

(Feb. 1953) 50. To be concluded in following issue. 
A34 Anderson, L. J. " A pressure microphone for television and broadcast service" Broadcast News 

71 (Sept.-Oct. 1952) 58. [R.C.A. BK-1A.] 
B55. " The ' Vari-Slope ' Pre-amplifier," data sheet, H. J. Leak and Co. Ltd., Brunei Road, Westway 

Factory Estate, Acton, London, W.3. 
B56. Heacock, D. P., and R. A. Wissolik " Low-noise miniature pentode for audio amplifier service " 

Proc. National Electronics Conference 6 (1950) 155. See also B16. 

CHAPTER 20 : BAFFLES AND ENCLOSURES 

(Continued from page 850) 

(C) Special types of vented baffle loudspeakers 

The Baruch and Lang system has a number of small holes forming the vent. See 
Ref. 202. 

The Karlson exponential slot enclosure is totally enclosed except for the exponential 
form of slot in front. The enclosure is divided into two chambers by a curved parti- 
tion on which the loudspeaker is mounted and which includes a port joining the two 
chambers. The front chamber includes the exponential slot, while the back chamber 
is enclosed and has some acoustical padding. Ref. 214. 

(vi) Additional notes on the R-J loudspeaker 

By changing the frontal opening from a rectangular slot to the shape of a " skinny 
lemon " with the width slightly less than half its length, centrally placed with regard 
to the cone, the enclosure may be used as a single unit loudspeaker covering the whole 
frequency range. 

The loudspeaker is mounted on a " speaker board " which is mounted a short 
distance behind the frontal board. By decreasing the spacing between these two 
boards, it is possible to lower the Q of the system to any desired extent. When 
properly designed and adjusted, the system is effectively non-resonant and free from 
frequency doubling. Ref. 234. 

CHAPTER 20 ADDITIONAL REFERENCES 

202. " High fidelity at low cost with a new speaker system — inexpensive 5 inch speakers in this small 
enclosure provide wide-range reproduction " FM-TV 12.6 (June 1952) 26. Design by Baruch 
and Lang. 

203. Moir, J., and J. A. Leslie " The stereophonic reproduction of speech and music " J. Brit. I.R.E. 
12.6 (June 1952) 360. 

204. Slaymaker, F. H. " An integrated line of high-fidelity equipment " Audio Eng. 36.7 (July 1952) 26. 

205. Bartlett, S. C. " Public address systems in generating plants" A.I.E.E. Trans. 70 Part 2 (1951) 
1804. Reprinted in Radiotronics 17.10 (Oct. 1952) 159. Covers paging in noisy situations. 

206. " Compact back-loading folded horn cabinet for 12 inch and 15 inch loudspeakers " (Jensen 
Manufacturing Company). Reprinted in Radiotronics 17.10 (Oct. 1952) 172. 

207. Olson, H. F. (book) " Musical Engineering " McGraw-Hill Book Company 1952. 

208. Moir, J. " Better music-room acoustics " FM-TV 11.8 (Aug. 1951) 32. 

209. Plach, D. J., and P. B. Williams " Horn loaded loudspeakers " Trans. I.R.E. Professional Group 
Audio (Oct. 22, 1951) ; also Proc. National Electronics Conference Vol. 7, p. 108. Reprinted 
Radiotronics 17.6 (June 1952) 102. 

210. Salmon, V. "Coupling the speaker to the output stage" Newsletter I.R.E. — P.G.A. 3.1 (Jan. 
1952) 5. 

211. Locanthi, B. N. " Application of electric circuit analogies to loudspeaker design problems " Trans. 
I.R.E.— P.G.A. PGA-6 (March 1952) 15 ; PGA7 (May 1952) 46. 

212. Axtell, J. C. " Ionic loudspeakers " I.R.E.— PGA-8 (July 1952) 21. See also Ref. 227. 

213. Kidd, M. C. " Tone-burst generator checks a-f transients " Elect. 25.7 (July 1952) 132. Used 
for loudspeaker and loudspeaker plus enclosure testing. 

214. Karlson, J. E. "A new approach in loudspeaker enclosures " — exponential slot — Audio Eng. 
36.9 (Sept. 1952) 26. 

215. Badmaieff, A. "Design considerations of duplex loudspeakers" Audio Eng. 36.9 (Sept. 1952) 2 ; 

216. Moir, J. " Stereophonic reproduction" Audio Eng. 36.10 (Oct. 1952) 26. Gives useful biblio- 
graphy. 
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217. Gately, E. J. " Design for clean bass " Audio Eng. 36.10 (Oct. 1952) 29. 

218. Kiebert, M. V. "A corner-mounting infinite baffle" Audio Eng. 36.10 (Oct. 1952) 32. 

219. Canby, E. T. " Record revue " Audio Eng. 36.10 (Oct. 1952) 46. Refers to R-J and EW enclosures. 

220. Briggs, G. A. " Room acoustics " High Fidelity 2.1 (Summer 1952) 69. 

221. Somerville, T. " Acoustics in broadcasting " Report of Building Research Congress, Division 3, 
Part 1, Building Research Station, Watford, Herts, England. 

222. Briggs, G. A. " Response curves " High Fidelity 1.4 (Spring 1952) 66. 

223. Briggs, G. A. " The loudspeaker " High Fidelity 2.2 (Sept.-Oct. 1952) 39. 

224. McLachlan, K. R., and R. Yorke " Objective testing of pickups and loudspeakers " J. Brit. I.R.E. 
12.9 (Sept. 1952) 485. 

225. Brittain, F. H. " Metal cone loudspeaker — principles underlying the design of the G.E.C. High 
Quality Reproducer" W.W. 58.11 (Nov. 1952) 440. 

226. Bixler, O. C. " A commercial binaural recorder " Jour. S.M.P.T.E. 59.2 (Aug. 1952) 109. 

227. "Non-mechanical 'ionic' loudspeaker" Technicana, Audio Eng. 36.11 (Nov. 1952) 84, being 
summary of article in TSF and TV (July-Aug. 1952). See also Ref. 212. 

228. Briggs, G. A. " The loudspeaker and the ear " High Fidelity 1.3 (Winter 1951) 17. 

229. "Corner ribbon loudspeaker" W.W. 56.1 (Jan. 1950) 11. 

230. " The corner ribbon " (booklet) Acoustical Manufacturing Co. Ltd. Huntingdon, Hunts, England, 
May 1952. 

231. Goodwin, J. L. " Sound reinforcement and reproduction " Electrical Review, London, 150.3875 
(Feb. 29, 1952) 437. 

232. Cohen, A. B. " Wide angle dispersion of high frequency sound " Audio Eng. 36.12 (Dec. 1952) 24. 

233. Randall, R. H. (book) " An Introduction to Acoustics " Addison- Wesley Press, Cambridge 42, 
Mass., 1951. 

234. Joseph, W., and F. Robbins " Practical aspects of the R-J speaker enclosure " Audio Eng. 37.1 
(Jan. 1953) 19. 

235. " Why stereophonic or binaural reproduction ? " letters by J. Versace and T. O. Dixon, Audio 
Eng. 37.1 (Jan. 1953) 8-12. 

236. Sherman, H. T. " Binaural radio broadcasting" Audio Eng. 37.1 (Jan. 1953) 14. 

237. Tinkham, R. J. " Binaural or stereophonic ? " Audio Eng. 37.1 (Jan. 1953) 22. 

238. Canby, E. T. " Record revue — suspended in space " Audio Eng. 37.1 (Jan. 1953) 46. 

239. Brittain, F. H. "The environment of high-quality reproduction" W.W. 59.1 (Jan. 1953) 2. 

240. " Friction-driven loudspeaker " W.W. 59.1 (Jan. 1953) 27. 

241. Hardy, H. C, H. H. Hall and L. G. Ramer " Direct measurement of the efficiency of loudspeakers 
by use of a reverberation room " Trans. I.R.E. PGA-10 (Nov. -Dec. 1952) 14, described in " Loud- 
speaker efficiency" W.W. 59.2 (Feb. 1952) 61. 

242. Dempster, B. " The Magnavox duode speaker " W.W. 38 (March 6th 1936) 241 ; also " New 
apparatus reviewed " p. 245 same issue. 

243. Barker, A. C. " Single diaphragm loudspeakers " W.W. 54.6 (June 1948) 217. 

CHAPTER 21 ADDITIONAL REFERENCES 

23. British Standard Code of Practice CP 327.300 (1952) *' Sound Distribution Systems " The Council 
for codes of practice for buildings. 

24. Wentworth, J. P. " A discussion of dividing networks " Audio Eng. 36.12 (Dec. 1952) 17. Gives 
chart for determining L and C in parallel network, constant resistance type, 6 and 12 db/octave. 

CHAPTER 22 ADDITIONAL REFERENCES 

39. Jackson, W. (book) " High Frequency Transmission Lines," Methuen, 1945. 

40. Smith, R. A. (book), " Aerials for Metre and Decimetre Wavelengths " Cambridge University 
Press, 1949. 

41. Laport, E. A. (book) " Radio Antenna Engineering" McGraw-Hill Book Co. 1952. 

42. Schelkunoff, S. A. and H. T. Friis (book) " Antennas, Theory and Practice " John Wiley and 
Sons Inc. 1952. 

CHAPTER 24 ADDITIONAL REFERENCES 

32. Stibbe, H. " Microphony in superhet. oscillators " W.W. 58.12 (Dec. 1952) 504 ; 59.1 (Jan. 1953) 
35. 

CHAPTER 26 ADDITIONAL REFERENCES 

(A) I-F AMPLIFIER DESIGN 

lid. Tatan, E. " Simplified i-f amplifier design" Elect. 25.9 (Sept. 1952) 147. 

CHAPTER 27 : A-M DETECTORS 
LOW DISTORTION A-M DETECTOR 

A low-distortion A-M detector has been developed by W. T. Selsted and B. H. 
Smith (Fig. 27.56). This consists of a conventional diode rectifier direct-coupled 
to a cathode follower which is in turn connected to an r-f filter to reduce the carrier 
signal output. The excellent performance of this circuit is due to two facts : 

1. That the load on the diode for normal A-M carrier frequencies is essentially 
resistive, and the normal effects of excessive shunting capacitance are eliminated. 

2. That, since the coupling to the cathode follower is direct, there is no effect of 
biasing currents which are normally developed in a diode loading circuit using coup- 
ling condensers. The distortion for 100% modulation, as shown in Fig. 27.57, is 
claimed to be 0.3% at a modulating frequency of 420 c/s and 0.8% at 4000 c/s. The 
carrier input voltage and frequency are not stated. 
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Fig. 27.56. Circuit of low distortion A-M detector (W. T. Selsted and B. H. Smith). 
Fig. 27.57. Distortion characteristics of low distortion A-M detector (W. T. Selsted 

and B.H. Smith). 



CHAPTER 27 ADDITIONAL REFERENCES 

(A) A-M DETECTORS 

26A. Costas, J. P. " Synchronous detection of amplitude-modulated signals " Proc. National Electronics 

Conference 7 (1951) 121. 
26B. Schooley, A. H., and S. F. George " Input versus output signal-to-noise characteristics of linear 

parabolic and semi-cubical detectors " Proc. National Electronics Conference 7 (1951) 151. 

(G) CRYSTAL DIODES 

85A. Douglas, R. W. and E. G. James " Crystal diodes " Proc. I.E.E. 98 Part III 53 (May 1951) 157, 177. 
85B. Jordan, J. P. " The ABC's of germanium " E.E. 71.7 (July 1952) 619. 

(H) TRANSISTORS 

86. Add discussion Proc. I.E.E. 99 Part III 62 (Nov. 1952) 363. 

88. Scott, T. R. " Crystal triodes " Proc. I.E.E. 98. Part III 53 (May 1951) 169, 177. 

89. Morton, J. A. "New transistors give improved performance" Elect. 25.8 (Aug. 1952) 100. 

90. " The new tetrode junction transistor " Tele-Tech 11.11 (Nov. 1952) 38. 

91. Rose, G. M., and B. N. Slade " Transistors operate at 300 MC " Elect. 25.11 (Nov. 1952) 116. 

92. Oser, E. A., R. O. Enders and R. P. Moore " Transistor oscillators " R.C.A. Rev. 13.3 (Sept. 1952) 
369. 

93. Transistor issue (48 articles) Proc. I.R.E. 40.11 (Nov. 1952). 

94. Shea, R. F. " Transistor power amplifiers " Elect. 25.9 (Sept. 1952) 106. 

95. " Development transistorized equipments " Tele-Tech 12.1 (Jan. 1953) 75. 

96. Smith, K. D. " Properties of junction transistors " Tele-Tech 12.1 (Jan. 1953) 76. 

97. Roddam, T. " Transistors " (1) W.W. 59.2 (Feb. 1953) 70. To be continued in subsequent issues. 

98. " Recent developments in transistor electronics" Proc. I.E.E. Part III 100.63 (Jan. 1953) 36. 

CHAPTER 30 ADDITIONAL REFERENCES 

33. Hamann, C. E. "Resistance-capacitance loading of selenium rectifiers " Tele-Tech 11.11 (Nov. 
1952) 58. 

34. Corbyn, D. B. " Special rectifier circuits — a description of some new high-voltage circuits and con- 
sideration of centre-tapped circuits " Electronic Eng. 24.295 (Sept. 1952) 418. 



CHAPTER 32 ADDITIONAL REFERENCES 

5. Mitchell, J. H. " Recent developments in vibrators and vibrator power packs " Jour. Brit. I.R.E. 
12.8 (Aug. 1952) 431. 



CHAPTER 33 ADDITIONAL REFERENCES 



36. Benson, F. A. (book) " Voltage Stabilizers " Electronic Engineering, London, 1950. 

37. Elmore, W. C, and M. Sands (book) " Electronics " McGraw Hill Book Co. 1949 p. 363. 

38. Seely, S. (book) " Electronic Tube Circuits " McGraw Hill, 1950, pp. 306-316. 

39. Benson, F. A. " The design of series-parallel voltage stabilizers " Electronic Eng. 24.289 (March 
1952) 118. 

40. Armitage, M. D. " Improved stabilization from a voltage regulator tube " Electronic Eng. 24.298 
(Dec. 1952) 568. Circuit uses Stabilovolt gas-filled voltage regulator tube, together with a bar- 
retter. 

41. Benson, F. A. " A study of the characteristics of glow-discharge voltage regulator tubes "Electronic 
Eng. 24.295 (Sept. 1952) 396 ; 24.296 (Oct. 1952) 456. 
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CHAPTER 34 ADDITIONAL REFERENCES 

1. Smith, R. A. " The relative advantages of coherent and incoherent detectors : a study of their 
output noise spectra under various conditions " Proc. I.E.E. 89. Part III 55 (Sept. 1951) 401. 

2. Tucker, D. G. " The synchrodyne and coherent detectors " W.E. 29.346 (July 1952) 184. 



CHAPTER 35 ADDITIONAL REFERENCES 

REFERENCES RELATING TO BANDSPREADING 

20A. Parry, C. A. " A method of bandspreading " Proc. I.R.E. Aust. 13.10 (Oct. 1952) 365. 
GENERAL REFERENCES 

63. Waverling, E. " Printed circuits for home radio receivers " Elect. 25.11 (Nov. 1952) 140. 

64. Davis, B. L. " Printed circuit techniques : an adhesive tape resistor system " N.B.S. Circular 530 
(1952) National Bureau of Standards, Washington D.C. 

65. Strafford, F. R. W. " Reducing fire risks — a new method of safeguarding receivers " W.W. 58.12 
(Dec. 1952) 499. 



CHAPTER 37 ADDITIONAL REFERENCES 

41. add Supplement (1952). 

43. Terman, F. E., and J. M. Pettitt " Electronic Measurements " McGraw Hill, 2nd ed. 1952. 

44. Scroggie, M. G. " Radio Laboratory Handbook " Iliffe, London. 



CHAPTER 38 

Additional definition 

Maximum output (in receivers). The greatest average output power into the 
rated load regardless of distortion. 

Abbreviations of titles of periodicals, page 1369, add 

Trans. I.R.E.-PGA Transactions Institute of Radio Engineers, U.S.A. Pro- 

fessional Group Audio. 



